
IITRI Report V6098 

ADVANCED EVALUATION OF VACUUM UV 
DETECTOR-SPECTROSCOPY SYSTEMS 

FOR CAPSULE REENTRY MEASUREMENTS 

National Aeronautics & Space Administratio 
Langley Research Center 
Hampton, Virginia 23365 
NASA CR-111776 



NASA C R - 1 1 1 7 7 6  

I I T R I  R e p o r t  V 6 0 9 8  

ADVANCED EVALUATION OF VACUUM UV 

DETECTOR-SPECTROSCOPY SYSTEMS 

FOR CAPSULE REENTRY MEASUREMENTS 

N a t i o n a l  A e r o n a u t i c s  & S p a c e  A d m i n i s t r a t i o n  
L a n g l e y  R e s e a r c h  C e n t e r  
H a m p t o n ,  V i r g i n i a  23365 
NASA C R - 1 1 1 7 7 6  

I l f  R E S E A R C H  I N S T I T U T E  



NASA CR-111776 

ADVANCED EVALUATION OF VACUUM UV 
DETECTOR-SPECTROSCOPY SYSTEMS FOR 

CAPSULE REENTRY MEASUREMENTS 

by Ronald L. Ohlhaber, 
Howard T. Betz,  and 
Earl H. Klugman 

April 1970 

Prepared under Contract No. NAS 1-8992 by 
IIT Research Institute 

Technology Center 
Chicago, Illinois 60616 

for 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 



PREFACE 

This t e c h n i c a l  r e p o r t  was prepared by I I T  Research 
I n s t i t u t e ,  Chicago, I l l i n o i s  60616, f o r  t h e  Nat ional  Aeronautics 
and Space Administrat ion,  Langley Research Center ,  on Contract  
No. NAS 1-8992. The program was under t h e  d i r e c t i o n  of t h e  
Optics  Research Sect ion ,  Physics Divis ion ,  I I T  Research 
I n s t i t u t e ,  P r o j e c t  No, V6098. 

Personnel who have cont r ibuted  t o  t h i s  p r o j e c t  inc lude ,  
H.  T. Betz ,  J .  S .  Davis, E .  R.  Klugman, R .  L .  Ohlhaber and 
D .  A .  P o n t a r e l l i .  

I iii 





CONTENTS . 

Page 

V I I  

SUMMARY 
I. INTRODUCTION 
11. REENTRY MEASUREMENT REQUIREMENTS 
111. MEASURING SYSTEM FOR DETECTORS 

A .  Monochromator and Lamp 
B .  Detector  Chamber 
C .  Detector E lec t ron ic  System 
DETECTORS 
A .  N i t r i c  Oxide Ion Chamber 
B .  Sodibm S a l i c y l a t e  Coated Photo- 

m u l t i p l i e r  Tube 
C .  F a i r c h i l d  FPM 200 Photodiode 
D .  F a i r c h i l d  FPM 100 Pho to t rans i s to r  
E .  United Detector Technology P I N - S ~ O ~ / ~  

Photodiode 
F. Hewlett Packard 5082-4204 PIN 

Photodiode 
G .  Stannic  Oxide Crys ta l s  
H.  Universi ty  of Chicago S i l i c o n  

Photodiode 
MEASUREMENT ANALYSIS METHOD 
MEASUREMENT RESULTS 
A .  S e n s i t i v i t y  and Minimum Detectable  

Power 
B .  Array Elements 
C .  Fat igue and Memory E f f e c t s  
D .  Temperature Ef fec t s  
E .  Long Term S t a b i l i t y  
F .  Frequency Response 
G .  Other Parameters 

1. Reverse Bias Voltage 
2. S p a t i a l  Resolution 

NOISE CONSIDERATIONS 
A .  Noise Sources 

1. Johnson or  Thermal Noise 
2. Generation-Recombination 

(g-r)  Noise 
3 .  F l i c k e r  o r  Modulation 

( I / £ )  Noise 
4.  Environmental Noise 
5 .  To ta l  Noise 



Noise Measurements 
1. S i l i c o n  Reversed-Bias Photo- 

diodes 
2 .  Johnson Noise 
3 .  G-R Noise and Dark Current 
4 .  Detector-Preamplif i e r  

I n t e r f a c e  
5 ,  Noise Power Spectra  

SPECTROMETER DESIGN 
A . Design I Eber t -Fas t i e  Spectrometer 
B e  Radiant Power 
C .  Other Spectrometer Designs 

I X  CONCLUSION 
REFERENCES 

FIGURES 

Figure  No. 

Spec t ra l  Flux a t  Body, Adiabat ic  Case 
Spec t ra l  Flux a t  Body, Nonadiabatic Case 
Spec t ra l  I n t e n s i t y  a t  Body, Adiabat ic  Case 
Spec t ra l  I n t e n s i t y  a t  Body, Nonadiabatic 
Schematic of Opt ica l  System wi th  Seya- 
Namioka Spectrometer 
Design of Experimental Vacuum Syseem 
Disassembled Aluminum Cathode and Quartz 
Cap i l l a ry  of t h e  McPherson UV Lamp 
D i f f e r e n t i a l  Pumping Chamber Assembly 
Experimental System Components 
Rear View of Heater and Temperature Sensor 
Locations 
Detector  Chamber wi th  Connections t o  Rear 
Door 
Detector  System Components 
Detector Elements 
So l id  S t a t e  Detector  Connections 
Univers i ty  of Chicago Photodiode 
Helium Emission Spectrum Between 500 and 
2000 Angstroms 
Helium Spectrum from t h e  U of C Photodiode 
No. 1490 a t  7V Reverse Bias 
Helium Spectrum from t h e  UDT-2 Photodiode 
Spec t ra l  Quantum Eff ic iency f o r  Various 
Detectors  
Spec t ra l  S e n s i t i v i t y  of So l id  S t a t e  
Detectors  

Page 

4 
5 
6 
7 
9 



Detec tor  Scans Behind 0.25mm Wide E x i t  
S l i t  w i th  584.3 fi Radiat ion 
Detec tor  Scans Behind 0 8 2 5 m W i d e  E x i t  
S l i t  w i th  1215.7 A Radiat ion 
Detec tor  Scans Behind 0,25mm Wide E x i t  
S l i t  with 584,3 fi Radiat ion 
Fat igue  Measurement on UDT-I-B f o r  1215.7A 
Radia t ion  
Fat igue  Measurements a t  a'wo Spots on t h e  
UDT-1-B Detector  Element wi th  584.3 A 
Radiat ion 
Fa t igue  Tes ts  f o r  1215 8 Radiat ion 
Decline i n  Re la t ive  Quantum Ef f i c i ency  
of t h e  Sodium S a l i c y l a t e  Coated PM Tube 
Reverse Current a s  a Function of  Detector  
Temperature 
Noise Var ia t ion  wi th  Temperature i n  t h e  
UDT- 1-B Photodf ode 
Pene t ra t ion  of Radiat ion i n  S i l i c o n  
I d e a l  Diode Noise Spectrum 
Equivalent C i r c u i t  of a S i l i c o n  Photodiode 
Input  C i r c u i t  f o r  Noise Measurement 
Noise Measurement System 
Measured Diode Noise Spectrum 
Design I Ebert  Spectrometer f o r  Vacuum UT6 
S p e c t r a l  Radiance of Body, Adiabat ic  Case 
S p e c t r a l  Radiance of Body, Nonadiabatic 
Case 

TABLES 

Table No. 

1. Measurement Requirements 
2. Detec tors  
3 .  Noise Equivalent Power 
4.  Detector  Dark Current & G-R Noise 
5.  Rated Frequency Response 
6 .  Reverse Bias Voltage Range 
7. Noise Measurement Parameters 
8. Noise bleasurement Parameters 
9 .  S p e c t r a l  Radiat ion a t  Detector Plan 

f o r  Eber t  Spectrometer Design I 
10 , Expected Signal  t~ Noise Rat io  f o r  t h e  

Detec tors  f o r  t h e  Design P Ebert  
Spectrometer 

Page 

3 
19 
34 
44 
47 
48 
59 
6 0  
69 

v i i  



ADVANCED EVALUATION OF VACUUM UV 
DETECTOR-SPECTROSCOPY SYSTENS FOR 

CAPSULE REENTRY MEASUREMENTS 

By Ronald E .  Ohlhaber, 
Howard T. Betz,  and 
E a r l  H. Klugrnan 

I I T  Research I n s t i t u t e  

SUMMARY 

During t h i s  program measurements were made on var ious  
s o l i d  s t a t e  de tec to r s  t o  p r e d i c t  t h e i r  performance f o r  incor- 
pora t ion  i n t o  a  vacuum u l t r a v i o l e t  spectrometer t h a t  would be 
on-board a  spacec ra f t  designed t o  r e e n t e r  t h e  e a r t h  atmosphere 
a t  a  v e l o c i t y  of 50,000 f e e t  per  second, Sol id  s t a t e  s i l i c o n  
su r face  b a r r i e r  and d i f fused  junct ion  photodiodes, phototran- 
s i s t o r s ,  and s t a n n i c  oxide c r y s t a l s ,  a s  de tec to r  a r r a y s  o r  
ind iv idua l  de tec to r s  which could be assembled i n t o  a r rays  were 
t e s t e d  i n  a  Seya-Namioka monochromator over t h e  500 t o  2000 
angstrom region t o  determine wavelength s e n s i t i v i t y  and o the r  
opera t iona l  c h a r a c t e r i s t i c s .  The de tec to r  noise- l imi ted  
frequency response was establ ished,and f a t i g u e  problems were 
found i n  a l l  d e t e c t o r s  but  t h e  p h o t o t r a n s i s t o r s .  The su r face  
b a r r i e r  a r r a y  elements on a  s i n g l e  s i l i c o n  chip  exhib i ted  
considerable  c r o s s t a l k .  An i n i t i a l  spectrometer design incor-  
pora t ing  t h e  r e s u l t s  of the  de tec to r  measurements was a l s o  
considered. 

INTRODUCTION 

This study was t o  determine t h e  opera t iona l  p r o p e r t i e s  
of var ious  types of s o l i d  s t a t e  d e t e c t o r s  which could be em- 
ployed i n  a  vacuum u l t r a v i o l e t  spectrometer t h a t  w i l l  be on- 
board a  spacec ra f t  designed t o  r een te r  t h e  e a r t h  atmosphere 
a t  a  v e l o c i t y  of 40,000 t o  60,000 f e e t  per second. The 
genera l  mission app l i ca t ion  i s  f o r  veh ic les  r e tu rn ing  from 
Mars o r  Venus. The de tec to r  system conceptually c o n s i s t s  of 
a  s i n g l e  u n i t  o r  d i s c r e t e  element a r r a y  t h a t  would be loca ted  
i n  t h e  e x i t  plane of a  spectrometer.  Photodiodes, photo- 
t r a n s i s t o r s ,  s i l i c o n  su r face  b a r r i e r  diodes,  and s t a n n i c  oxide 
c r y s t a l s  which were a r rays  o r  elements f o r  combination i n t o  an 
a r r a y ,  were inves t iga ted  t o  determine t h e i r  performance i n  t h e  
500 t o  2000 angstrom wavelength region.  



A vacuum u l t r a v i o l e t  monochromator was modified so 
t h a t  a number of t h e  d e t e c t o r s  could simultaneously be mounted 
under vacuum i n  a chamber and a l t e r n a t e l y  be pos i t ioned i n t o  
t h e  r a d i a t i o n  pa th  a t  t h e  monochromator e x i t  plane.  The 
de tec to r  performance f o r  var ious  s p e c t r a l  l i n e s  was then 
measured and t h e  da ta  appl ied  t o  a prel iminary spectrometer 
system design.  

II. REENTRY MEASUREMENT REQUIREMENTS 

A d e t a i l e d  p resen ta t ion  of t h e  measurement requirements 
including capsule  condi t ions ,  instrument requirements,  f l i g h t  
condi t ions ,  and hock f r o n t  r a d i a t i o n  has been given i n  a 
previous r e p o r t e 8  However, t h e  genera l  condi t ions  a r e  again 
reviewed i n  Table 1. Since t h e  exact  v e h i c l e  t r a j e c t o r y  and 
s i z e  aze p r e s e n t l y  unknown, v a r i a t i o n s  i n  some parameters may - 

occur .' The spectrometer system i s  p r e s e n t l y  o r i en ted  t o  
viewing t h e  r a d i a t i o n  a t  t h e  veh ic le  s t agna t ion  po in t  through 
an o r i f i c e  i n  t h e  hea t  s h i e l d .  

Since no s o l i d  window mate r i a l s  t ransmi t  r a d i a t i o n  a t  
wavelengths l e s s  than 1050 angstroms t h e  prel iminary design i s  
t o  employ a helium window system wherein t h e  c a v i t y  i s  over- 
pressured wi th  helium during r e e n t r y .  An i n i t i a l g s t u d y  of 
such a system was performed by Slocumb and Buchan who found 
t h e  b e s t  performance using a 4.75 mm (3116 i n . )  diameter o r i f i c e ,  
This diameter along wi th  a 19 nun (314 i n , )  t h i c k  hea t  s h i e l d  
has been used i n  t h e  spectrometer design c a l c u l a t i o n s  of a 
l a t t e r  chapter .  

Updated s p e c t r a l  energy d i s t r i b u t i o n s  f o r  a 48,000 f e e t  
per  second l i f t i n g  e n t r y ,  a d i a b a t i c  and nonadiabat ic  cases ,  
received from NASA Langley Research Center a r e  presented i n  
Figures  l through 4.  This  da ta  remains i n  very c l o s e  agree- 
ment wi th  t h e  r a d i a t i v e  f luxes  previously presented i n  r e f e r -  
ence 1. 



TABLE 1. MEASUREMENT REQUIREMENTS 

FLIGHT CONDITIONS 

Reentry Velocity: 40,000 to 60,000 ftlsec. 
Reentry Altitude :. starts at 40,000 ft. 

Maximum Acc'eleration: 6% 
Stress Conditions: 1. thermal, heat transfer 

2. g-stress, deceleration 
3, vibrational 

4, acoustical 
Heat Pulse Duration: 80 sec. 

CAPSULE CONDITIONS 

Forebody Orifice Diameter: 4.75 mm (3116 in.) 
Heat Shield Thickness: 19 mm (314 in,) 

Helium Window 

Instrument Cavity 

INSTRUMENT REQUIREMENTS 

Spectral Coverage: 

UV Spectrometer: 
Resolution: 

Scan Rate: 
Intensity Range: 

500 to 20,000 angstroms 

500 to 2,000 angstroms 
50 angstrom elements 

5 sec. or less 
50 watts150 A element 
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FIGURE 1. SPECTRAL FLUX AT BODY, A D L N A T I C  CASE 
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FIGURE 2. SPECTRAL FLUX AT BODY, NONADIABATIC CASE 
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FIGURE 3. SPECTRAL INTENSITY AT BODY, ADIABATIC CASE 



FIGURE 4 .  

Energy, ev 
SPECTRAL INTENSITY AT BODY, NONAIIIABATIC CASE 



A Seya-Namiska half-meter monochromator with a 
McPhearsan Model 630 Hinkeregger-type d ischarge  lamp 4- 5 
generated t h e  des i red  vacuum u l t r a v i o l e t  r a d i a t i o n ,  The photon 
beam upon leaving t h e  monochromator was modulated by a vibra-  
t i n g  blade chopper and passed through an e x i t  s l i t  ts s t r i k e  
t h e  de tec to r  which was pos i t ioned by a moveable p l a t e  c o n t r o l l e d  
from ou t s ide  t h e  vacuum chamber, The coa~p le te  o p t i c a l  system 
i s  shown i n  Figure  5 ,  The de tec to r  s i g n a l s  were synchronously 
de tec ted  wi th  a lock-in-voltmeter and t h e  output  displayed an 
a c h a r t  r ecorde r ,  

The monoek~romator contained a 4,5 x 3 cm r e f l e c t i o n  
g r a t i n g  which was used i n  t h e  f i r s t  order .  The g r a t i n g  could 
be s e t  a t  a s i n g l e  p o s i t i o n  or,  scanned a t  a d e s i r e d  speed over 
a spectrum region .  I n i t i a l  measurements wi th  a sodium 
s a l i c y l a t e  coaked photomul t ip l ie r  tube showed t h a t  spectrum 
l i n e s  between 584 and 4500 angstroms could be accura te ly  
measured. The monochr~mator vacuum system cons i s t ed  of a cold  t r a p ,  
d i f f u s i o n  pump and mechanical pump, Addit ional  pumping was 
provided with two o t h e r  complete vacuum systems shown i n  
Figure  6.  This permi t ted  operatfon of t h e  main monochromator 
chamber a t  p ressu res  of  approximately 4 x 10-5 Torr .  

The McPhersm lamp c o n s i s t s  of a water  cooled anode 
operated a t  ground p o t e n t i a l  and a hemispherica% cathode 
connected by a water  cooled quar tz  c a p i l l a r y  tube i n  which 
t h e  plasma forms. I n i t i a l  opera t ion  wi th  t h e  a i r  cooled 
cathode r e s u l t e d  i n  pe r iod ic  se rv ic ing  of t h e  "PO" r i n g  s e a l i n g  
t h e  cathode t o  t h e  c a p i l l a r y  tube due t o  t h e  burning of t h e  
"0" r i n g ,  The removed cathode and t h e  burnt  depos i t s  on t h e  
c a p i l l a r y  assembly can be seen i n  F igure  '7, L a t e r  t o  reduce 
lamp f a i l u r e  t h e  cathatle was water cooled, During t h i s  s tudy 
t h e  lamp was suppl ied  wi th  helium, hydrogen, o r  argon gas, o r  
a mixture t h e r e o f .  Nomal  opera t ion  was a t  gas lLne pressures  
below 1 Torr and d i f f e r e n t i a l  pumping system pressures  between 
3 and 8 x 1 0 ~ ~  Torr .  The inpu t  p ressu re  was ad jus ted  wi th  a 
needle  valve to l e s s  than  one Torr abso lu te  p ressu re .  The 
system was opera ted  windowless f o r  a l l  measurements, 

A d i f f e r e n t i a l  pumping chamber, F igure  8,  was loca ted  
between t h e  lamp and t h e  manochromator EO permit high vacuum 
opera t ion  i n  t h e  monachr~mator chamber and, thereby,  reduce 
absorpt ion  af t h e  r a d i a t i o n  by t h e  lamp g a s .  The chamber 
contained t h e  ent rance  s l i t  which was normally s e t  a t  an 
opening of 2 2 0 ~  m. The two d i f f e r e n t i a l  chambers were pumped 
by a cold  t rapped o i l  d i f f u s i o n  pump. 
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FIGURE 5. SCHEMATIC OF OPTICAL SYSTEM WITH SEYA-NAMIOKA 

SPECTROMETER. 





Figure 7. DISASSEMBLED ALUMINUM CATHODE AND 
QUARTZ CAPILLARY OF THE MCPHERSON 
W LAMP* 



Figure 8 .  DIFFERENTIAL PUMPING CJUMBER ASSEMBLY 



B ,  Detec tor  Chamber 

A d e t e c t o r  chamber cons t ruc ted  from a modified camera 
housing was loca ted  a t  t h e  e x i t  plane of t h e  monochromator, 
Figure 9 (a )  shows t h e  complete monochromator wi th  t h e  vacuum 
connections t o  t h e  d i f f e r e n t i a l  pumping chamber and t h e  de- 
t e c t o r  chamber, The chamber,had a r e a r  door which could be 
opened f o r  servicing,and t h e  e n t l r e  chamber, wi th  t h e  except ion 
of t h e  f r o n t  p l a t e ,  could be removed and placed on t o p  of t h e  
monochromator a s  shown i n  Figure 9Qb), The d e t e c t o r s  were 
mounted on a d o v e t a i l  s l i d e  which esu ld  be driven wi th  a gear  
l inkage and vacuum feedthrough from a knob du t s ide  and on top  
of t h e  chamber, see  Ffgure 9Qc). The f r o n t  p l a t e  s f  t h e  
chamber remained con t inua l ly  f ixed  t o  t h e  monochromator and 
t o  it was mounted an American Time Products Model E40 tuning 
fork  l i g h t  chopper wi th  a frequency of I50 Hz, Figure 9 ( d ) ,  
The chopper had blades t h a t  were open t o  h a l f  a p e r t u r e  when 
no t  being dr iven  and was a l igned t o  pass t h e  t o t a l  beam f l u x  
t o  t h e  e x i t  s l i t  when n o t  i n  opera t ion ,  Bn opera t ton  it 
generated a s i n e  wave modulation on t h e  e x i t i n g  photon beam, 

The monochromator e x i t  s l i t  was behind the  chopper 
and mounted i n  t h e  removable por t ion  of the  d e t e c t o r  chamber,The 
d e t e c t o r s  which were mounted on t h e  d o v e t a i l  s l i d e  passed 
behind t h e  s l i t  a t  a d i s t ance  of 2 m from i t s  jaws, Also 
mounted on t h e  d o v e t a i l  s l i d e  p l a t e  were two t h e m 0 f s i . l  re-  
s i s t a n c e  s t r i p  hea te r s  and two thermal r e s i s t a n c e  sensing 
elements. A r e a r  view of t h e  s l i d e  wi th  i t s  components i s  
shown i n  Figure 10, The s l i d e  normaI%y c a r r i e d  t h e  fan  
chamber, t h e  photomul t ip l ie r  tube,  and interchangeable p l a t e s  
holding var ious  de tec to r s .  A 1/4-20 thread  screw drove t h e  
d e t e c t o r  mounting p l a t e  along t h e  d o v e t a i l  ways, 

Connections t o  t h e  d e t e c t o r s  were made wi th  min ia tu re  
coax ia l  cables  and BNG connectors which mated t o  t h e  BNC 
feedthroughs i n s t a l l e d  i n  t h e  r e a r  door of t h e  chamber. The 
connections f o r  t h e  ion chamber, t h e  photomul t ip l ie r  high 
vol tage  and anode c u r r e n t ,  and 5 o the r  de tec to r s  can be seen 
i n  t h e  photographs s f  Ffgure 11, Also mounted i n  t h e  r e a r  
door was an e l e c t r i c a l  mul t ip le  p i n  instrument feedthrough 
t o  provide t h e  4 leads t o  power t h e  chopper, 2 leads  f o r  
powering f o r  h e a t e r ,  and 4 leads  f o r  t h e  temperature sensors ,  
During opera t ion  i% was then poss ib le  t o  continuously monitor 
t h e  photomul t ip l ie r  tube output c u r r e n t ,  t h e  ion  chamber 
c u r r e n t ,  and connect t o  any of t h e  o the r  t e s t  d e t e c t o r s ,  





SOLID STATE DETECTORS 

THERMAL BUTTON ION CHAMBER 

THERMAL RIBBON 

DOVETAIL SLIDE 1 
FIGURE10.. REAR VIEW OF HEATER AND TEMPERATURE 

SENSOR LOCATIONS. 



(A) REAR VIEW OF DETECTOR CHAMBER 

(B) VIEW FROM MONOCHROMATOR 

FIGURE 11 DETECTOR CHAMBER WITH CONNECTIONS TO REAR DOOR. 



C .  Detector E lec t ron ic  System 

A schematic of t h e  e l e c t r o n i c s  system components 
f o r  d e t e c t o r  measurements i s  presented i n  Figure 12. 
Before t h e  r a d i a t i o n  i s  inc iden t  on any d e t e c t o r  it passes  
between t h e  blades of a  chopper which w i l l  normally allow 
t h e  continuous photon beam t o  pass and,when a c t i v a t e d ,  w i l l  
modulate i t  a t  150 Hz, 

The photodiodes and p h o t o t r a n s i s t o r s ,  which a r e  des- 
c r i b e d  i n  t h e  next  chapter ,  were a l l  connected t o  a  b a t t e r y  
b i a s  vo l t age  supply of 7  v o l t s .  The p o l a r i t y  of t h e  vo l t age  
could be switched t o  provide reve r se  b i a s  f o r  a l l  t h e  s o l i d  
s t a t e  de tec to r s .  The de tec to r  c u r r e n t  passed through a  
12 megohm load r e s i s t o r  and a  10 megohm input  r e s i s t a n c e  of 
a  Tektronix Type 122 p reampl i f i e r ,  The preampl i f ie r  had a  
ga in  of 100 wi th  a  s i g n a l  frequency band pass between 80 and 
250 H z .  To reduce any 60 Hz n o i s e  pickup t h e  preampl i f ie r  was 
powered by b a t t e r i e s .  The s t a n n i c  oxide c r y s t a l  had a 
similar c i r c u i t  wi th  a  300 v o l t  b i a s  t h a t  could be switched 
i n  p o l a r i t y .  

The amplif ied s i g n a l  from t h e  preampl i f ie r  and a  
s i g n a l  from t h e  chopper d r i v e r  were connected t o  t h e  inputs  
of a  Pr ince ton  Applied Research lock-in-voltmeter model JB-5, 
which synchronously de tec ted  t h e  chopped de tec to r  s i g n a l ,  
The vol tmeter  output  was displayed both on a  meter and a  c h a r t  
recorder  used t o  record  a  spectrum when t h e  monochromator was 
wavelength scanned. 

A sodium s a l i c y l a t e  coated photomul t ip l ie r  tube and a  
n i t r i c  oxide ion  chamber were a l s o  a l t e r n a t e l y  connected 
through two Keithley Model 417 picoamrneters t o  t h e  c h a r t  
recorder .  The photomul t ip l ie r  was operated a t  minus 1000 
v o l t s  and t h e  ion chamber a t  minus 22,5 v o l t s ,  

A Wheatstone bridgewas used t o  measure t h e  r e s i s t a n c e  of 
t h e  two thermal sensors  connected t o  the  de tec to r  mounting p l a t e ,  
The elements were a  Minco thermal ribbon and hea ter -sensor  
bu t ton ,  A d . c .  power supply was used t o  supply power l e v e l s  
up t o  25 w a t t s  t o  t h e  thermofoi l  hea te r  elements i n  t h e  
de tec to r  chamber. 

IV. DETECTORS 

Along wi th  t h e  s o l i d  s t a t e  de tec to r s  t o  be t e s t e d , a  
n i t r i c  oxide ion  chamber and sodium s a l i c y l a t e  coated photo- 
m u l t i p l i e r  tube were employed t o  determine t h e  photon beam 
f l u x  l e v e l s  through t h e  monochromator e x i t  s l i t .  The n i t r i c  
oxide chamber measured t h e  absolu te  photon f l u x  a t  a  wave- 
l eng th  of 1215 angstroms. The photomul t ip l ie r  could then 
be used t o  t r a n s f e r  t h i s  f l u x  c a l i b r a t i o n  t o  o the r  wavelengths,  
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Table 2 l i s t s  t h e  de tec to r s  which were employed during t h l s  
study. 

TABLE 2. DETECTORS 

DETECTOR 

1, N i t r i c  Oxide Ion  Chamber 

2. Sodium S a l i c y l a ~ e  PM Tube 

3 .  United Detec tor  Technology 
~ I ~ - S p o t / 2  

4.  Univers i ty  of Chicago 
No. 1490 

5 .  Hewlett Packard Assoc. 
5082-4204 

6. F a i r c h i l d  FPM 100 

7,  F a i r c h i l d  FPM 200 

8 .  Stannic  Oxide Crys ta l  

PROPERTBE S 

Absolute c a l i b r a t i o n  a t  
1215 A .  
Secondary s tandard 

Surface b a r r i e r  d e t e c t o r  
Two element a r r a y ,  each 
element 1 .0  by 2 .3  mm. 
Surface b a r r i e r  d e t e c t o r  

Photodiode, d i f fused  junc t ion ,  
0,508 mm diameter 

P h o t o t r a n s i s t o r ,  d i f f u s e d  
junct ion ,  1 .0 sq .  mm. 

Photodiode, d i f fused  junct ion ,  
1 .0  sq .  mm, 
Crys ta l  photoconductor, 
4'mm long ' .  * . ,  

A .  N i t r i c  Oxide Ion Chamber 

The ion  chamber was manufactured by Melpar Pnc. and 
had a  r a t e d  quantum e f f i c i e n c y  f o r  1215 angstrom r a d i a t i o n  
of 43.2 pe rcen t ,  The chamber cen te r  e l e c t r o d e  was b iased  a t  
a  minus 22.5 v o l t s  wi th  r e spec t  t o  t h e  grounded ou te r  w a l l .  
The photon beam entered  t h e  chamber through a  0.75 inch d ia-  
meter l i t h i u m  f l u o r i d e  window. - ... Normal leakage cur ren t s  a t  
t h e  picoammeter were 4  x  lo-'' ampere when no r a d i a t i o n  was 
i n c i d e n t  on t h e  chamber. 

B .  Sodium S a l i c y l a t e  Coated Photomul t ip l ie r  Tube 

A RCA type 8571 photomul t ip l ie r  tube with i t s  ent rance  
window coated with a  Payer of sodium s a l i c y l a t e  phosphor was 
employed a s  a  secondary s tandard.  The tube was operated a t  
1000 V and had a  r a t e d  s e n s i t i v i t y  of 7.3 x l o 4  A/W f o r  4000 
angstrom r a d i a t i o n .  The 8571 is  a  s ide-on,  9 s t a g e  tube wi th  
an S-4 s p e c t r a l  response t h a t  matches t h e  emission from t h e  
phosphor c o a t i n g ,  Normal anode dark c u r r e n t s  ranged between 
3 and 4  x  LO-' A .  Ten 1 .0  megohm r e s i s t o r s  composed t h e  vo l t age  
d iv ide r  c i r c u i t .  The absolu te  quantum e f f i c i e n c y  of sodium 
s a l i c y l a t e  f o r  d i f f e r e n t  wavelengths has been i n v e s t i g a t e d  by6 
a  number of s c i e n t i s t s  and most r e c e n t l y  repor ted  by Bruner. 
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C .  F a i r c h i l d  FPM 200 Photodiode 

The F a i r c h i l d  FPM 200 photodiode i s  a s i l i c o n  p lanar  
pass iva ted  de tec to r  which i s  mounted i n  a two te rminal  coaxia l  
package t h a t  i s  2 mm i n  diameter and 4.4 mm long,  The f r o n t  
window of t h e  case  was removed so  the  u l t r a v i o l e t  r a d i a t i o n  
would be inc iden t  d i r e c t l y  on t h e  l , 0  mm square s i l i c o n  ch ip ,  
An e l e c t r o d e  i s  connected t o  t h e  f r o n t  su r face  of t h e  chip  
a s  can be seen i n  Figure l3,A. A l l  diodes were operated i n  
t h e  r eve r se  b i a s  mode a s  shown i n  Figure 14,A0 The FPM 200 
was connected wi th  t h e  c i r c u i t  of Figure l4,B t o  a 7 v o l t  
b i a s  b a t t e r y ,  The response r i s e t i m e  i s  r a t e d  a t  3p sec .  
Maximum r a t e d  opera t ing  temperature range is  between -65" C 
and +ZOOQ C .  By con tac t  packing t h e s e  devices  they can be 
assembled i n t o  a l i n e a r  a r r a y  of d i s c r e t e  element d e t e c t o r s ,  

D o  F a i r c h i l d  FPM 100 Pho to t rans i s to r  

The F a i r c k i l d  FPM 900 p h o t o t r a n s i s t o r  i s  a s i l i c o n  NPN 
p lanar  pass iva ted  d e t e c t o r  mounted i n  t h e  same s i z e  two t e r -  
minal coax ia l  case a s  t h e  FPM 200, The window was again 
removed and t h e  1 .0  mm square s i l i c o n  chip  can be seen in 
Figure  13,A. The e m i t t e r  and c o l l e c t o r  were connected a s  
shown i n  Figure l4 ,E .  Normal operat ing c o l l e c t o r - e m i t t e r  
b i a s  was 7 v o l t s .  The same temperature r a t i n g s  a s  t h e  FPN 
260 photodiode apply and they can be assembled i n t o  s i m i l a r  
a r r a y s .  Response r i s e t i m e  i s  r a t e d  a t  approximately 3p see .  

' E . United Detec tor  Technology PIN- spot12 Photodi ode 

The PIN-spot12 was a s p e c i a l  u l t r a v i o l e t  s e n s i t i v e  
s i l i c o n  Schottky b a r r i e r  photodiode with two 1 . 6  by 2 , 3  m 
elements separa ted  by 0 , 3  mm on a s i n g l e  c h i p ,  Figure l3,B 
i s  a photograph of t h e  d e t e c t o r  su r face .  The su r face  e l e c t r o d e  
i s  a l a y e r  of gold on t h e  order  of one hundred angstroms t h i c k ,  
E l e c t r i c a l  connection t o  t h e  elements i s  shown i n  Figure l4,C. 
A 7 v o l t  r eve r se  b i a s  was employed. The response t i m e  i s  
r a t e d  i n  t h e  nanosecond region and t h e  junct ion  capaci tance 
i s  l e s s  than 5 p icofarads  per  element. The d e t e c t o r  i s  mounted 
i n  a TO-5 can wi th  3 l eads .  The elements a r e  r e p r e s e n t a t i v e  
of l a r g e r  a r r a y s  which can be f a b r i c a t e d  on s i n g l e  s i l i c o n  chips, 
The d e t e c t o r  elements a r e  very s i m i l a r  i n  cons t ruc t ion  t o  t h e  
Univers i ty  of Chicago photodiode descr ibed i n  a l a t e r  s e c t i o n ,  

F. Hewlett Packard 5082-4204 PIN Photodiode 

The PIN photodiode i s  a s i l i c o n  p lanar  device wi th  a 
0 , 5  mm diameter p-region shown i n  Figure l 3 , @ ,  The window 
of t h e  conta iner  and a l a y e r  of Sylgard 182 which covered 
t h e  s i l i c o n  chip were removed. The device connections and 
i t s  e l e c t r i c a l  schematic a r e  presented 2n Figure  l4,D, Typical  
response a t  9700 ?i f o r  a 25" C opera t ing  temperature i s  0,75 
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e l e c t r o n s  pe r  photon o r  0.5 A/W (1 .OL( A fm~/cm'). The s e n s i t i v e  

a r e a  i s  2 x l o m 3  cm2 and t h e  r a t e d  n o i s e  equiva lent  power, NEP, 

i s  1 .2 x 10-14 W. Leakage o r  dark c u r r e n t s  were r a t e d  a t  
400 pA maximum wi th  a 2 pF junc t ion  capaci tance,  

Measurements have been made by E, Whiting, e t ,  a1 ,  wi th  
t h e  4204 over t h e  s p e c t r a l  range s f  4400 t o  2000 A and ind i -  
c a t e d  a drop i n  r e l a  i v e  response a t  2000 W of only 50 percent  
from t h a t  a t  4000 A . %  The quantum e f f i c i ency  a t  2000 3 was 
repor ted  t o  be 0,3% e lec t rons /phs ton ,  S t a b i l i t y  of these  
devices  pver a  per iod of weeks was a l s o  found t o  be q u i t e  
good. "P"e measuring system employed a  200 HZ chopper wl tk  
synchron@us de tec t ion  and a  deuterium lamp. 

The s t ann ic  oxide c r y s t a l s  were provided by R698 Labora- 
t o r i e s  and inves t iga ted  because of  t h e i r  s e n s i t i v i t y  a t  2850 A 
and an energy gap s f  4 .3  eV'whick causes them t o  be s o l a r  
b l i n d ,  D e t e c t i v i t i e s  measured a t  2850 A by t h e  RCA group 
w&e a% h igh  a s  8 x 1012 cm watt-' H Z " ~  f o r  a 25 Hz modulated 

photon beah and a  I Hz bandwidth, 8 3  NEP'S f o r  t h a t  wave- 
l eng th  were on t h e  order  of wa t t .  

The c r y s t a l  used f o r  t h e  cu r ren t  study had an exposed 
2 a r e a  of about 0,25 m . It was mounted on a modified coax ia l  

f e e d t h r ~ u g h  and had i t s  ends e l e c t r i c a l l y  csnnected wi th  
conductive epoxy, see  Figure 13,D. A b i a s  vo l t age  of 300 V 
was app l i ed  ac ross  t h e  c r y s t a l ,  

H, Univers i ty  of Chicago S i l i c o n  Photodiode 

This de tec to r  was a  s i l i c o n  su r face  b a r r i e r  photodiode 
No. 1490 wi th  a  19 rn diameter s e n s i t i v e  a rea  t h a t  yag f a b r i -  
ca ted  i n  about 7964 by A .  J, Tuzzolino a t  t h e  Univers i ty  of ' 

Chicago. The photodiode i s  n-type s i l i c o n  wi th  apprsximately 
a  100 A t h i c k  gold f i l m  f r o n t  'e lectrode.  Two pub l i ca t ions  
desc r ibe  opera t ion  i n  t h e  584 t o  250 *regicm, wi th  s i m i l a r  
devices  made during t h e  same per iod .  P O ~ l l  The d e t e c t o r  - employed 
f o r  these  measurements had a  dark cu r ren t  s f  5  x POm7 a t  6 v o l t s  
r eve r se  b i a s  and r a t e d  s e n s i t i v i t i e s  of 0,40 e lec t rsn /photon  
a t  4358 A and 0,4% e lec t rsn /photon  a t  5461 A ,  Figure I 5  shows 
t h e  diode mounted next  t o  a  UDT d e t e c t o r  on a  p l a t e  f o r  inse r -  
t i o n  i n t o  t h e  monachrornator system. 



a. Fron t  view o f  mounted photodiode and 
UDT d e t e c t o r .  

b. Rear view of d e c t o r s .  

F i g u r e  15. UNIVERSITY OF CHICAGO PHOTODIODE 



MEASUREKlENT ANALYSIS METHOD 

. To determine de tec to r  performance t h e  inc iden t  photon 
f l u x ,  N ( A ) ,  i s  obtained by using t h e  n i t r i c  oxide ion  chamber 
a t  t h e  P215 A l i n e .  The f l u x  i s  c a l c u l a t e d  by measuring t h e  
change i n  ion  chamber cu r ren t ,  11, between t h e  background and 
t h e  photon beam c u r r e n t .  The number of photons per  second i s  
then found by 

I 4  

where q l  i s  t h e  quantum e f f i c i e n c y  of t h e  ion  chamber, 43.2%, 
m d  q i s  t h e  e l e c t r o n i c  charge, 1 , 6  x 10- l2 coulomb. Typical  
photon f luxes  were 3 x l o 7  photons/sec.  through a  0.55 by 0 . 8 m  
rec tangular  a p e r t u r e  a t  t h e  e x i t  plane of t h e  monqphromator, 
Beam power P(h) i s  then ca lcu la ted  by 

P (h) = No (A) E(X) , wat t s  

where E Q )  i s  t h e  photon energy a t  t h a t  wavelength. For a 
wavelength of 1215 A ,  E(h) i s  P o  64 x 10- l8 jou le  and t h e  above 
t y p i c a l  photon f l u x  corresponds t o  a  power of 4.92 x lo-'' w a t t .  

The RCA 8571 photomul t ip l ie r  tube wi th  a  sodium s a l i c y -  
l a t e  window can then be pos i t ioned i n  t h e  c a l i b r a t e d  photon 
beam and i t s  anode c u r r e n t  measured. This  cu r ren t  measurement 
i s  then sub t rac ted  from t h e  PM tube background t o  ob ta in  t h e  
photon generated cur ren t  I2 a t  1215 A .  The t o t a l  sodium s a l i c y -  
l a t e  photomul t ip l ie r  tube de tec to r  quantum e f f i c i e n c y  q2 i s  
then found by 

- I 2  
Ti) - e l e c t r o n s  /photon. 

NO(O q 

Since t h e  response of t h e  sodium s a l i c y l a t e  i s  known i n  t h e  
300 t o  2000 A region t h i s  de tec to r  can be employed a s  a secondary 
s tandard t o  measure t h e  photon f luxes  a t  wavelengths o t h e r  than 
t h e  1215 A, which i s  t h e  only wavelength c a l i b r a t e d  f o r  t h e  ion  
chamber. 

Upon absorpt ion  of t h e  vacuum u l t r a v i o l e t  photon t h e  
exc i t ed  sodium s a l i c y l a t e  phosphor emission spectrum i s  centered  
a t . 4 0 0 0  A which i's t h e  wavelength of peak response f o r  t h e  S-4 
photocathode of t h e  photomult ipl ier  tube.  The absolu te  lumines- 
cence quantum e f f i c i e n c y ;  i , e . ,  t h e  r a t i o  of t h e  number of  
luminescence emission photons emit ted t o  the' number of exe i t a -  
t i o n  photons i s  approximately 40 percent .  However, the  percent  
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of emission photons which a r r i v e  a t  t h e  PM photocathode i s  con- 
s i d e r a b l y  reduced due t o  s p h e r i c a l  r a d i a t i o n  from t h e  phosphor 
and t h e  l imi ted  acceptance angle  of t h e  photocathode. Reabsorp- 
t i o n  and s c a t t e r i n g  i n s i d e  t h e  phosphor l a y e r  a l s o  con t r ibu tes  
t o  t h e  reduct ion  i n  t o t a l  system quantum e f f i c i e n c y .  When 
employing t h e  t o t a l  PM tube  de tec to r  i t  i s  only necessary t o  
know t h e  r e l a t i v e  phosphor quantum e f f i c i e n c y  wi th  r e spec t  t o  
wavelength. 

S e n s i t i v i t y ,  S, of a  de tec to r  i s  def ined a s  t h e  photo- 
c u r r e n t  per  input  power and i s  given by 

The s e n s i t i v i t y  of t h e  s o l i d  s t a t e  d e t e c t o r s  i s  found by mea- 
su r ing  t h e  modulated output  photocurrent  from t h e  d e t e c t o r  and 
d iv id ing  by t h e  input  photon power. 

The r e l a t i v e  quantum e f f i c i e n c y  q3, of t h e  s o l i d  s t a t e  
d e t e c t o r s  i s  found by 

- I 
q3 - , e l e c t r o n l i n c i d e n t  photon , 

No(1) q 

where I i s  t h e  average photocurrent  from t h e  d e t e c t o r .  Since 
t h e  number of inc iden t  photons which a r e  r e f l e c t e d  from t h e  
d e t e c t o r  f a c e  i s  unknown t h e  absolu te  quantum e f f i c i e n c y  cannot 
be determined; however, t h i s  measurement i s  n o t  requi red  f o r  
design of t h e  spectrometer d e t e c t o r s .  

The photocurrent  from t h e  de tec to r  i s  determined by 
measuring t h e  output  s i g n a l  from t h e  Pr ince ton  Applied Research 
lock-En-voltmeter, The measuring system was c a l i b r a t e d  by 
applying a  known s i g n a l  vo l t age  t o  t h e  input  of t h e  de tec to r  
b i a s  box and recording t h e  lock-fn-voltmeter ou tpu t s .  The 
s i g n a l  cu r ren t  through t h e  load r e s i s t o r s  could then be 
ca lcu la ted .  

MEASURENENT RESULTS 

The d e t e c t o r s  were mounted i n  var ious  groups on aluminum 
p l a t e s  t h a t  were loca ted  next  t o  t h e  sodium s a l i c y l a t e  coated 
photomul t ip l ie r  tube and t h e  ion  chamber i n  t h e  d e t e c t o r  
chamber a t  t h e  monochromator e x i t  plane.  They then could be 
a l t e r n a t e l y  scanned o r  pos i t ioned behind t h e  monochromator 
e x i t  ape r tu re .  Normal opera t ion  was wi th  t h e  150 Hz chopper 
and a  1.0 Hz bandwidth. 



A ,  S e n s i t i v i t y  and Minimum Detec table  Power 

To c a l i b r a t e  t h e  monochromator wavelength 
d r lve ,  t h e  spectrum was scanned wi th  t h e  sodium s a l i c y l a t e  
photomul t ip l ie r  tube f i x e d  behind t h e  e x i t  s l i t .  The r e s u l t i n g  
helium emission spectrum i s  presented i n  Figure 16 and shows 
t h e  He1 l i n e  a t  584,3 A and i t s  doubling a t  lB68,6 A ,  Also 
c l e a r l y  p resen t  a r e  l i n e s  a t  1025 and 1215,7 W from hydrogen 
which was an impuri ty  p resen t  i n  t h e  lamp, 

For comparison t h e  s o l i d  s t a t e  su r face  b a r r i e r  photo- 
diodes were a l s o  scanned through the  same s p e c t r a l  reg ion ,  
Figure 1 7  i s  t h e  helium emission spectrum obta ined  from t h e  
Universi ty  of Chicago QU of C) photodiode N o .  1490. The 
spectrum has s u b s t a n t i a l l y  t h e  same shape a s  t h a t  f r ~ m  t h e  
sodium s a l i c y l a t e  coated photomulti l i e r  tube wi th  t h e  excep- 
t i o n  of a higher  response t o  t h e  58 t , 3  A He% l i n e ,  Since t h e  
sodium s a l i c y l a t e  has a r e l a t i v e l y  cons tant  luminescence 
quantum e f f i c i e n c y  across t h e  spectral r e g o n ,  t h e  su r face  b a r r i e r  
d e t e c t o r  must have an increas ing  s e n s i t i v i t y  from 1215 to 
500 A ,  A l ~ o ~ s i n c e  t h e  l i n e  a t  175% W i s  v i s i b l e  t h i s  su r face  
b a r r i e r  d e t e c t o r  does appear t o  be usab le  over t h e  e n t i r e  
500 t o  2000 B region.  

A s i m i l a r  s p e c t r a l  scan was made wi th  t h e  United 
Detector  Technology P I N - s P ~ ~ / ~ ,  No, 2 (UDT-2) d e t e c t s r  and 
t h e  same inc rease  i n  response a t  584,3 A was found, The 
spectrum which i s  shown i n  Figure 18, has a h igher  no i se  l e v e l  
than  t h e  previous,  and consequently, many of t h e  %ow i n t e n s i t y  
l i n e s  cannot be seen ,  a 

Measurements were them made wi th  t h e  d e t e c t o r s  by us ing  
t h e  584,3 and 1215.9 A emission s p e c t r a l  J i n e s  which were 
obtained from He and H i n  t h e  lamp. $p&ctra$ scans were made 
t o  obta in  t h e  wavelength dependence. %he d e t e c t o r  da ta  was 
then analyzed a s  descr ibed i n  t h e  previous chapter  and t h e  
s p e c t r a l  quantum e f f i c i e n c y  curves of  Figure 19 p l o t t e d ,  The 
dashed curve l n  r e p r e s e n t s  -I t h e  previous ~ n i v e r $ Y t y  of Chicago 
measurements L V * L L  which c o r r e l a t e d  with cu r ren t  'measurements 
using t h e  U of  C No. 1490 d e t e c t o r .  The United Detector  
Technology P I N - S ~ O ~ / ~  No. l, element A (UDT 1-A) curve has t h e  
genera l  form of t h e  U of C ,  but  t h e  UDT-2 d e t e c t o r  appeared 
t o  have considerably higher  s e n s i t i v i t y  than i t s  mate, 

The s t a n n i c  o x i d e ' c r y s t a l  a l s o  showed a f a i r l y  high 
s e n s i t i v i t y ;  however, a s  w i l l  l a t e r  be descrfbed, the response 
w a s  q u i t e  uns tab le ,  For t h i s  reason only a l i m i t e d  number of 
t e s t s  were performed wi th  t h i s  d e t e c t o r .  
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Figure 19. SPECTRAL QUANTUM E F F I C I E N C Y  FOR VARIOUS 

DETECTORS. P O I N T S  A ARE THE MANUFACTURERS 

S P E C I F I C A T I O N S  FOR THE UDT. 



Values of t h e  HPA 4204 and t h e  FPM 100 and 200 quantum 
e f f i c i e n c i e s  La Figure 19 r e f l e c t  the  detectors '  d i f fused  
junc t ion  cons t ruc t ion  which r e s u l t s  i n  th icke r  su r face  l a y e r s ,  
Consequently, t h e i r  quantum e f f i c i e n c i e s  l i e  i n  t h e  0 , l  
e l e c t r o n / i n c i d e n t  photon range between 500 and 1400 W,wkile 
f o r  t h e  r e s t  of t h e  spectrum region t h e  de tec to r  s i g n a l s  were 
below t h e  no i se .  

For a  more informative p resen ta t ion  of t h e  d e t e c t o r s  
performance t h e  s p e c t r a l  s e n s i t i v i t y  i s  p l o t t e d  over t h e  
500 t o  l0,OOO 8 region i n  Ffgure 20. The vacuum UV da ta  was 
suppl ied  by t h i s  s tudy and t h e  t r i a n g u l a r  po in t s  were obtained 
from t h e  manufacturers s p e c i f i c a t i o n s  and o t h e r  inves t iga tors '  
measurements. Because of t h e  r e l a t i v e  t ransparency of s i l i c o n  
above 4000 A a l l  t h e  d e t e c t o r s  have s i m i l a r  performance; 
however, i n  the  region of minimum s e n s i t i v i t y  which was a t  
I600 W f o r  t h e  UDT-1, t h e  d e t e c t o r  performance should be 
highly dependent on t h e  device s t r u c t u r e .  It should then be 
expected t h a t  t h e  t h r e e  lower curves f o r  t h e  FPM 180, HPA 4204, 
and FPM 200 would a l s o  experience a  minimum between 1215 fi and 
2000 angstroms. 

The mintmum d e t e c t a b l e  power can be b e s t  descr ibed by 
t h e  n o i s e  equiva lent  power (NEP) which i s  t h e  rms (root-mean- 
square) va lue  of t h e  modulated r a d i a n t  power i n c i d e n t  on t h e  
d e t e c t o r  t h a t  genera tes  an rms cur ren t  equal  t o  t h e  r m s  n o i s e  
vo l t age  from t h e  de tec to r .  Thus, t h e  NEP is  equal  t o  t h e  beam 
power requi red  t o  produce a  s ignal - to-noise  r a t i o  (SIN) of one. 
The S/N r a t i o  i s  t h e  average s i g n a l  l e v e l  divided by i t s  
s tandard  dev ia t ion ,  Human observers  can u s u a l l y  e t e c t  t h e  
presence of a  s i g n a l  when t h e  SIN i s  above f i v e . l 9  For a  
d e t e c t o r  t h e  NEP can be expressed a s  

in NEP = - 
S 

where i = r m s  d e t e c t o r  n o i s e  c u r r e n t .  n  
S  = s e n s i t i v i t y  i n  amplwatt. 

The important f a c t o r  when determining t h e  NEP of 
d e t e c t o r s  i s  t o  know i f  t h e  l i m i t i n g  n o i s e  i s  generated by t h e  
d e t e c t o r  i t s e l f  o r  by t h e  o the r  components of  t h e  measuring 
system. When t h e  de tec to r  n o i s e  i s  t h e  l i m i t i n g  f a c t o r  t h e  
NEP can be determined by t h e  SIN of t h e  de tec to r  output ,  The 
following chapter  on n o i s e  cons idera t ion  g ives  a  f u r t h e r  ex- 
p lana t ion  and shows t h a t  t h e  de tec to r  I / £  n o i s e  i s  t h e  l i m i t i n g  
f a c t o r  i n  t h e  frequency range of i n t e r e s t .  
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FIGURE 20. SPECTRAL SENSITIVITY OF SOLID STATE DETECTORS. 
DOTS ARE EXPERIMENTAL MEASUREMENTS AND TRI- 
ANGLES ARE MANUFACTURERS SPECIFICATIONS. 
FREQUENCY 150 Hz, BANDWIDTH 1 Hz FOR EXPERI- 
MENTAL DATA. 



Based on t h e  experimental  measurements, t h e  NEP a t  
1215 A f o r  the  var ious  de tec to r s  i s  given i n  Table 3. 

TABLE 3. NOISE EQUIVALENT POWER 

Wavelength i s  1215 8 ,  

DETECTOR 

UDT- 1 
UDT- 2  

FPM 100 

FPM 208 

HPA 4204 

SnO 3 

NEP (lo-"watt) 

% Bias on s t a n n i c  oxide was -300 V. 

The NEP% f o r  o t h e r  wavelengths can be obtained from t h e  
previous equat ion.  

B .  Arrav Elements 

The UDT P I N - S ~ O ~ / ~  d e t e c t o r s  containing t h e  two elements,  
r e f e r r e d  t o  a s  A and B ,  mounted on t h e  same chip were moved 
p a s t  t h e  monochromator e x i t  s l i t  w i t h  t h e  dove ta i l  s l i d e  d r i v e  
t o  determine t h e  v a r i a t i o n  i n  s e n s i t i v i t y  and t h e  amount of 
c r o s s t a l k  between t h e  elements, One element was connected t o  
t h e  d e t e c t o r  e l e c t r o n i c s  system and i t s  output  displayed on 
the  c h a r t  recorder ,whi le  t h e  o the r  element was grounded o r  
l e f t  e l e c t r i c a l l y  open. Figures 21 and 22 a r e  p o s i t i o n  scans 
ac ross  t h e  a r r a y  of t h e  UDT-1 d e t e c t o r  f o r  584.3 and l215,7  W 
r e s p e c t i v e l y ,  when one de tec to r  element was ungrounded. The 
e x i t  s l i t  was 0.25 m wide and a l igned  t o  t h e  long a x i s  of 
t h e  de tec to r  elements. The motion scans show t h a t  t h e r e  i s  
very l i t t l e  d i f f e r e n c e  which element i s  used s i n c e  t h e  cross-  
t a l k  i s  approximately TOO"/,. The response v a r i a t i o n  between 
elements was 20% f o r  t h i s  d e t e c t o r .  The d i s t ance  over which 
t h e  output  s i g n a l  e x i s t e d  corresponded t o  a de tec to r  motion 
of approximately 3.25 mm. This was i n  accord wi th  t h e  t o t a l  
e x i t  beam and d e t e c t o r  element width.  

A more a p p l i c a t i o n - o r i e n t e d  measurement of t h e  cross-  
t a l k  i s  presented  i n  Figure 23, where t h e  unused element i s  
grounded, This would probably be t h e  type of opera t ion  i n  a  
spectrometer s i n c e  t h e  elements would each have load r e s i s t o r s  
connected t o  ground. The dashed curve shows t h e  d i f f e r e n c e  



MOTION DRIVE DIAL, REVOLUTION 

(a) Scan of Element UDT 1-B, Element UDT 1-A is Open. 

1 2 3 4 
MOTION DRIVE DIAL, REVOLUTION 

(b) Scan of Element UDT 1-A, Element UDT 1-B is Open. 

FIGURE 21. DETECTOR SCANS BEHIND 0.25mm WIDE EXIT 
SLIT WITH '584.3 A RADIATION. OTHER 

ELEMENTS ARE OPEN AND ONE DIAL REVOLUTION 
EQUALS A DETECTOR MOTION OF 1.26mm. (RUN 39). 



MOTION DRIVE D I A L ,  REVOLUTION 

(a) S c a n  of E l e m e n t  UDT 1 -A ,  E l e m e n t  UDT 1 - B  O p e n  

MOTION DRIVE D I A L ,  REVOLUTION 

(b) Scan of E l e m e n t  UDT 1 - B y  UDT 1-A O p e n .  

F IGURE 22. DETECTOR SCANS BEHIND 0 . 2 5 m m  WIDE E X I T  

S L I T  WITH 1 2 1 5 . 7  A RADIATION.  ONE D I A L  

REVOLUTION EQUALS A DETECTOR MOTION O F  

1.26mm. (RUN 39). 



(a) Scan of E l e m e n t  UDT 1 - A ,  E l e m e n t  UDT 1 - B  G r o u n d e d .  

MOTION D R I V E  D I A L ,  REVOLUTION 

1 2 3 4 5 
MOTION DRIVE D I A L ,  REVOLUTION 

(b) Scan of E l e m e n t  UDT 1 - B ,  S o l i d  Line f o r  E l e m e n t  
UDT 1-A G r o u n d e d  and D a s h e d  f o r  UDT 1-A O p e n .  

F I G U R E  23. DETECTOR SCANS BEHIND 0.25mm WIDE E X I T  

S L I T  WITH 584.3 A RADIATION.  ONE D I A L  

REVOLUTION EQUALS A DEVECTOR MOTION OF 

1.26mm. ( R U N . 3 9 ) .  37 



when t h e  o the r  element i s  l e f t  open. The average c r o s s t a l k  f o r  
t h e  grounded case  i s  approximately 37%. This  unexpectedly high 
l e v e l  of c r o s s t a l k  i s  probably due t o  opera t ion  wi th  vacuum UV 
r a d i a t i o n  s i n c e  t h e  r a t e d  c r o s s t a l k  f o r  v i s i b l e  l i g h t  i s  l e s s  
than 10% and normally about 5%,  A cons iderable  reduct ion  i n  
t h e  UV c r o s s t a l k  might be poss ib le  by designing a  d e t e c t o r  
wi th  s i l i c o n  having s h o r t e r  c a r r i e r  l i f e t i m e s .  

The o the r  unexpected phenomena was t h e  ex i s t ence  of a  
c e n t r a l  s i g n a l  peak during t h e  p o s i t i o n  scan ,  This corresponds 
t o  the  l o c a t i o n  where t h e  vacuum UV photons a r e  inc iden t  on 
t h e  de tec to r  region between t h e  two su r face  e l e c t r o d e s .  This 
can be explained by t h e  absence of a  metal  f i l m  t o  absorb o r  
r e f l e c t  t h e  r ad ia t ion ,pe rmi t t ing  more of t h e  photons t o  reach 
t h e  p-n junct ion  d e p l e t i o n  region and c r e a t e  a  l a r g e r  number 

,. of charge p a i r s .  These c a r r i e r s  must then  move t o  t h e  f i l m  
e l e c t r o d e  su r face  f o r  c o l l e c t i o n ,  The same phenomena probably 
occurs a t  t h e  ou te r  edges of t h e  e l ec t rode  a r e a s  and accounts 
f o r  t h e  r ap id  r i s e  i n  s i g n a l  and t h e  two o u t s i d e  peaks. For 
ord inary  opera t ion  wi th  v i s i b l e  l i g h t  t h e  photons e a s i l y  
p e n e t r a t e  t h e  gold l a y e r  and probably form charge p a i r s  deeper 
i n  t h e  m a t e r i a l  and a r e  c o l l e c t e d  mainly i n  t h e  a reas  under 
t h e  e l e c t r o d e s .  

The o t h e r  d e t e c t o r  types t e s t ed , such  a s  the  F a i r c h i l d  
FPM 100 and 200, cons i s t ed  of d i s c r e t e  elements which could be 
combined i n t o  an a r r a y  by c l o s e  phys ica l  packing. Thus, wi th  
t h e s e  u n i t s , c r o s s t a l k  i n  a  spectrometer could occur only i n  
t h e  e l e c t r o n i c s  e x t e r n a l  t o  t h e  devices themselves, 

C. Fat igue  and Memory E f f e c t s  

Since t h e  contemplated reen t ry  spectrometer i s  only 
expected t o  be recording d a t a  f o r  80 seconds, t h e  s h o r t  term 
f a t i g u e  o f a d e t e c t o r  when exposed t o  vacuum UV r a d i a t i o n  must 
be known, Measurements were made both by moving t h e  d e t e c t o r  
i n t o  t h e  photon beam and by turn ing  t h e  beam on and o f f  wi th  
an e x t e r n a l l y  operated s h u t t e r  p l a t e  i n  t h e  d e t e c t o r  chamber, 
Thus, f a t i g u e  measurements could be made without  varying t h e  
UV lamp o r  spectrometer s e t t i n g s ,  

The only s o l i d  s t a t e  de tec to r  which showed no measurable 
f a t i g u e  was t h e  F a i r c h i l d  FPKI 100 p h o t o t r a n s i s t o r .  The reason 
f o r  t h i s  performance i s  unknown and t h e  devices  t e s t e d  may have 
been from an unusual f a b r i c a t i o n  l o t ,  



The UDT-% d e t e c t o r  had f a t i g u e  periods where the  s i g n a l  
dropped 85% i n  the  f i r s t  5 minutes and considerably fesriger 
memory periods.  Exact f a t i g u e  f i g u r e s  were d i f f i c u l t  t o  
ob ta in  due t o  t h e  long recovery t imes.  F igures  24 and 25 
conta in  some s f  t h e  measurement r e s u l t s  wi th  t h e  UDT-l de tec to r  
f o r  584.3 and 1215.7 fi r a d i a t i o n .  Figure 24 shows t h e  s i g n a l  
v a r i a t i o n  over an i n i t i a l  25 mine exposure, then 20 minutes 
o f  recovery,  another  3  min, exposure, followedbya l 7 , 5  hour 
recovery period and a  f i n a l  45 min, exposure. During t h i s  t e s t  
t h e  only system adjustment was t h e  lowering of a  s h u t t e r  i n t s  
t h e  monochromator beam and t h e  s h u t t i n g  down of t h e  W lamp 
during t h e  17.5 hour i n t e r v a l ,  The s h o r t  tern1 f a t i g u e  of  two 
a reas  on t h e  same d e t e c t s r  elemen% under 584 ,3  A r a d i a t i o n  9s 
presented  i n  Figure 25, 

The f a t i g u e  t ime cons tant  of t h e  F a i r c h i l d  FPM 200 
photodiode was much s h o r t e r  than t h e  DDT-P phstodiode a s  can 
be seen i n  Figure 26. The FPM 200 undergoes r a p i d  f a t i g u e  i n  
t h e  f i r s t  30 seconds and then reaches a  p l a t e a u ,  I t s  re -  
covery period,  however, i s  longer than l O  mine which Fa t h e  
dashed por t ion  of one curve i n  Figure 26,A. Recovery f o r  
t h e  VDT-1 de tec to r  i s  about t h e  same order  a s  evidenced by 
Figure  26,B. Thus, t h e  memory period f o r  t h e s e  d e t e c t o r s  
appears t o  be on t h e  order  of many hours t o  poss ib ly  days, 

Since long time i n t e r v a l  f a t i g u e  and memory s t u d i e s  
r e q u i r e  t h a t  t h e  lamp be shu t  down, r e s t a r t ed ,and  s t a b i l i z e d  
t o  i t s  previous output ,  t hese  measurements can be q u i t e  lengthy,  
Also r a p i d  f a t i g u e  r a t e s  made t h e  s e n s i t i v i t y  and NEP measure- 
ments very d i f f i c u l t .  Due t o  t h e  usua l  presence of f a t i g u e ,  
readings were taken when t h e  d e t e c t o r  output  s t a b i l i z e d .  Such 
problems were a l s o  p resen t  during t h e  measurements by "$Lrzzo%ino 
wi th  t h e  Universi ty  of  Chicago de tec to r s .  

Poss ib le  methods of  f a t i g u e  reduct ion  were not explored, 
but they might c o n s i s t  of employing higher  r eve r se  bias vol tages  
o r  pre-exposing t h e  d e t e c t o r s  t o  a  l i g h t  mounted i n  t h e  spectro-  
meter chamber, Since t h e  FEN 100 p h o t o t r a n s i s t o r  exh ib i t ed  
no f a t i g u e  t h i s  d e t e c t o r  can be considered a s  a  backup should 
t h e  f a t i g u e  problem prove too  d i f f i c u l t .  

During the  measurement per iod  t h e  r e l a t i v e  quantum 
e f f i c i e n c y  of t h e  sodium s a l i c y l a t e  csa ted  photomultip9ier 
tube dec l ined  a s  shown i n  Figure 27. This demonstrates t h e  
c a l i b r a t i o n  p r ~ b l e m  t h a t  would be encountered i f  t h e  phosphor 
were used a s  a  wavelength s h i f t e r  f o r  a d e t e c t o r  a r r a y  i n  a 
r e e n t r y  spectrometer.  Since t h e  phosphor c sa ted  BM tube was 
c a l i b r a t e d  by t h e  ion  chamber f o r  each da ta  run on t h e  labara-  
t o r y  system t h i s  problem was el iminated,  
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T I M E ,  M I N .  

(a) I n i t i a l  A r e a  O f  D e t e c t o r  

T I M E ,  MIN.  

f b )  A n o t h e r  A r e a  O n  T h e  S a m e  D e t e c t o r  

F I G U R E  25. F A T I G U E  MEASUREMENTS AT TWO S P O T S  ON T H E  

UDT 1 - B  DETECTOR ELEMENT W I T H  5 8 4 . 3  A 
RADIATION.  ELEMENT UDT 1 - A  GROUNDED. 

(RUN 3 9 ) .  



TIME, MIN. 
(a) Fairchild FPM200 Photodiode 

TIME, MIN. 
(b) UDT 1-A Photodiode 

'FIGURE 26. FATIGUE TESTS FOR 1215 A RADIATION. (RUN 38). 



TIME, DAYS 

FIGURE 27, DECLINE I N  RELATIVE QUANTUM EFFICIENCY 

OF THE SODIUM SALICYLATE COATED PM TUBE. 



D .  T e m ~ e r a t u r e  E f f e c t s  

Changes i n  t h e  temperature of s o l i d  s t a t e  devices w i l l  
a l t e r  the  genera t ion  r a t e  and mobi l i ty  of c a r r i e r s ,  thereby 
increas ing  t h e  dark o r  r eve r se  cu r ren t  and i t s  assoc ia ted  
n o i s e .  The measured v a r i a t i o n  of dark c u r r e n t  wi th  temperature 
f o r  t h e  var ious  d e t e c t o r s  i s  given i n  Figure  28. The genera- 
t ion -  recombination (g-r)  n o i s e  is  dependent on t h e  dark ( reverse)  
cu r ren t  and f u r t h e r  descr ibed i n  t h e  following chapter  on 
n o i s e  cons idera t ions .  The g-r no i se  values corresponding t o  t h e  
d e t e c t o r  dark c u r r e n t s  a t  22" C a r e  presented i n  Table 4 and 
can be c a l c u l a t e d  from t h e  dark cu r ren t  corresponding t o  a 
s p e c i f i c  temperature by 

where e = e l e c t r o n i c  charge 
A £  = frequency bandwidth. 

TABLE 4 .  DETECTOR DARK CURRENT AND GrnR NOISE 

Temp. 22°C. hf = 10 Hz. f = 150 Hz .  

DETECTOR ID ARK (AMP) Ig- (AMP) 

UDT- 1 
UDT- 2 

U of C 

FPM 100 

FPM 200 

HPA 4204 

SnO (- 7V) 

Q- 300V) 

The e f f e c t  of increased de tec to r  temperature could be 
seen a s  an inc rease  i n  n o i s e  during experimental  runs .  
F igure  29 shows t h e  d e t e c t o r  n o i s e ,  because of a thermal l a g ,  
reaching a peak v a l u e s l i g h t l y  a f t e r  t h e  maximum temperature 
was measured wi th  t h e  thermal r e s i s t a n c e  sensor .  

Since d i f f u s i o n  processes have been used i n  t h e  f a b r i -  
c a t i o n  of s e v e r a l  devices,extended high temperature opera t ion  
above 200" C could change t h e  d e t e c t o r  p r o p e r t i e s .  Short  hea t  
pu l ses  should n o t  be extremely i n j u r i o u s  t o  t h e  d e t e c t o r  s i n c e  
t h e  melt ing po in t  of s i l i  n i s  1420" C and t h e  d i f f u s i o n  tem- 
p e r a t u r e  i s  about 800" C .  ES 
44 



r I I I I I I I I I - I I - 
pp - UDT Mfg . S p e c i f i c a t i o n s  (10V) ' 

/ - - / - - - - - - - / - - 
/ ' 

- - - 
/ - - 

/ - - 
/ 

/ - - - - UDT I - B  - - - 
- - 

- - UDT 1-A 1 - 
- 
- 

/ - - SnO -, 

- - 
- (-3OOV) ' - - - 
- - - - - 
- - 
- - 

- - - 
- - 
-. 

- - - - - - 
- - 
- - 

- - - - - - - - - - - 
- - 
- - 

I - - - 
- -! - 
- - - - - 
- - 

* 

I ,  I I I I I I I I I 1 1 

0 50  100 
# 

TEMPERATURE, O C 
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E .  Long T e r m  S t a b i l i t y  

During t h e  3.5 month period over which d e t e c t o r  measure- 
ments were made no changes were observed i n  t h e  s p e c t r a l  response 
o r  s e n s i t i v i t y  of t h e  devices ,aside from t h e  previously men- 
t ioned f a t i g u e .  The s t a b i l i t y  and r e s i s t a n c e  t o  atmospheric 
contamination and aging was demonstrated by t h e  Univers i ty  of 
Chicago gold su r face  b a r r i e r  d e t e c t o r  which i s  approximately 
6 years  o l d  and s t i l l  responded t o  vacuum UV r a d i a t i o n  wi th  
i t s  o r i g i n a l  s e n s i t i v i t y .  This  does n o t  mean t h a t  a l l  s i l i c o n  
devices a r e  immune t o  changes, but does demonstrate t h e  long 
l i f e t i m e  of t h e  su r face  b a r r i e r  type cons t ruc t ion  f o r  opera t ion  
wi th in  c e r t a i n  environmental l i m i t s .  

F. Frequency Response 

The r a t e d  frequency response f o r  t h e  s o l i d  s t a t e  
d e t e c t o r s  i s  presented i n  Table 5.  

TABLE 5 .  RATED FREQUENCY RESPONSE 

Values obtained from manufacturer" s p e c i f i c a t i o n s ,  

DETECTOR 

UDT P I N - S ~ O ~ / ~  

F a i r c h i l d  FPM 100 

F a i r c h i l d  FPM 200 

Hewlett Packard 4204 

RESPONSE TIME, SEC. 

A l l  t h e  times a r e  considerably s h o r t e r  than t h a t  requi red  
f o r  t h e  150 Hz photon beam modulation frequency and should 
be q u i t e  adequate f o r  any s o l i d  s t a t e  scanning a r r a y .  For low 
SIN opera t ion  t h e  noise- l imi ted  frequency response must a l s o  be 
considered. This i s  discussed i n  t h e  following chapter .  

G .  Other Parameters 

1. Reverse Bias Voltage 

The reve r se  b i a s  vo l t age  of  a l l  s o l i d  s t a t e  junct ion  
d e t e c t o r s  was 7V during t h i s  s tudy.  During opera t ion  wi th  a  
p a r t i c u l a r  d e t e c t o r  i t  i s  p o s s i b l e  t o  vary t h e  b ias  vo l t age  
wi th in  a  c e r t a i n  range and maintain t h e  same s e n s i t i v i t y .  
The b i a s  vo l t age  range and t h e  maximum vol tages  a s  s p e c i f i e d  
by t h e  manufacturers a r e  presented i n  Table 6.  



TABLE 6.  REVERSE BIAS VOLTAGE RANGE 

DETECTOR 

UDT PIN- Spot 12 
F a i r c h i l d  FPM 100 2k 

F a i r c h i l d  FPM 200 

Hewlett Packard 4204 

RANGE. VOLTS MAXIMUM, VOLTS 

9: c o l l e c t o r - e m i t t e r  r a t i n g s .  

Increas ing  t h e  b i a s  vo l t age  u s u a l l y  r e s u l t s  i n  an inc rease  i n  
t h e  dark c u r r e n t  and t h e  dep le t ion  l a y e r  th ickness .  The advantage 
of inc reas ing  t h e  dep le t ion  layer, which i s  t h e  region over which 
t h e  photon generated charge p a i r s  a r e  collected,depends mainly 
on t h e  s t r u c t u r e  of t h e  p a r t i c u l a r  d e t e c t o r .  Devices such a s  
t h e  s u r f a c e  b a r r i e r  d e t e c t o r s  where t h e  dep le t ion  l aye r  i s  
v i r t u a l l y  a t  t h e  su r face  may experience no inc rease  i n  sens i -  
t i v i t y  wi th  high b i a s  vol tages  s i n c e  t h e  dep le t ion  l a y e r  depth 
may only be increased  downward i n t o  t h e  device.  This i s  due 
t o  t h e  l i m i t e d  pene t ra t ion  of t h e  vacuum UV r a d i a t i o n  i n  si9icon as 
presented i n  Figure 30. 

2 ,  S p a t i a l  Resolution 

Detec tors  with a number of elements on t h e  same chip can 
be made wi th  masking techniques t o  achieve upwards of 100 
elements per  inch.  As previously mentioned t h e  l i m i t a t i o n s  of 
c r o s s t a l k  and v a r i a t i o n  i n  s e n s i t i v i t y  must be considered. 
The United Detector  Technology PIN-Spot12 d e t e c t o r s  repre-  
sented  an a r r a y  of elements which had t h e i r  cen te r s  separa ted  
by 1.25 mm. D i s c r e t e  devices  where t h e  s i l i c o n  chips a r e  
separa ted  but s t i l l  i n s i d e  t h e  same conta iner  can be custom 
f a b r i c a t e d  t o  below one mrn element widths whi le  t h e  completely 
d i s c r e t e  d e t e c t o r s  such a s  t h e  F a i r c h i l d  FPM 100 can be placed 
i n  t h e i r  own cans on 2 mrn sepa ra t ion  between cen te r s .  

V I I  . NOISE CONSIDERATIONS 

I n  order  t o  determine t h e  minimum d e t e c t a b l e  power and 
t h e  no i se - l imi ted  frequency response of t h e  var ious  d e t e c t o r s ,  
the  sources of n o i s e  i n  t h e  measuring system must be known, 

A .  Noise Sources 

J n  t h e  measurement system t h e  four  main sources of n o i s e  
a r e ;  Johnson o r  thermal,  generation-recombination, modulation 
l / f ,  and environmental no i se .  
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Figure 30. PENETRATION OF RADIATION IN SILICON. 

(From J. Tauc, Progress in Semiconductors, Ed. 
A. F. Gibson and R. E. Burgess, Temple Press, London, 
1965 p. 114, end T. S. Moss, Optical Pr 
Semi-Conductors, Butterworth, London, 1 



1. Johnson o r  Thermal Noise 

Johnson n o i s e  i s  caused by t h e  random thermal motion 
of e l e c t r o n s  through a conductor. This motion i s  i n t e r r u p t e d  
by e l e c t r o n  c o l l i s i o n s  wi th  t h e  molecules of t h e  conductor.  
Although t h e  mean cur ren t  due t o  a l l  e l e c t r o n s  i s  zero,  t h e r e  
i s  a s t a t i s t i c a l  var iance  i n  t h e  ins tantaneous  c u r r e n t ,  This 
var iance  i s  termed Johnson no i se  and i t s  rms c u r r e n t  value 
i s  equal t c l l  

where k = Boltzmann's cons tant  
T = abso lu te  temperature 
R = r e s i s t a n c e  

bf - bandwidth, Hz .  

A t  room temperature (290°K), 

i t = 0~13Jf picoamp 

where R = r e s i s t a n c e  i n  megohms, 

As an example, a one megohm r e s i s t o r  has a n o i s e  cu r ren t  of 

it = 0 . 1 3 f i  , picoamp. 

Johnson n o i s e  i s  whi te ;  t h a t  i s ,  t h e  mean square cu r ren t  i s  
independent of frequency, and t h e  n o i s e  spectrum i s  f l a t .  

Generation-Recombination (2-rB Noise 

I n  a semfconductor, e l ec t ron-ho le  p a i r s  a r e  generated 
by t h e  absorpt ion  of photons o r  by thermal motion (dark c u r r e n t ) .  
F luc tua t ions  in t h e  r a t e  a t  which these  charge c a r r i e r s  a r e  
generated and recombined cause v a r i a t i o n s  i n  t h e  conduct iv i ty  
of t h e  m a t e r i a l ,  thereby giving r i s e  t o  g- r  n o i s e .  It i s  t h e  
semiconductor counterpar t  of vacuum tube shot  n o i s e ,  but i s  
l a r g e r  by a f a c t o r  of two because t h e r e  a r e  two processes ,  
involved. 

The n o i s e  power spectrum of g-r  n o i s e  i s  f l a t  from Pow 
f requencies  up t o  a frequency t h a t  i s  approximately equal  t o  
t h e  inverse  of t h e  f r e e  c a r r i e r  l i f e t i m e .  Above t h i s  frequency 
t h e  power spectrum f a l l s  o f f  a s  t h e  inverse-square power of 



t h e  frequency. The frequency dependence of t h e  r m s  g-r  n o i s e  
cu r ren t  can be expressed as  

where e = e l e c t r o n i c  charge 
I = dark cur ren t  mean photocurrent  

Af = bandwidth 
f  = frequency 
7 = f r e e  c a r r i e r  l i f e t i m e  

A t  low frequencies  2nfr << 1 and t h e  root-mean-square g-r  
n o i s e  c u r r e n t  i s  given by 

= o . o o o ~ J ~ ,  picoamp 

where I = mean junct ion  cur ren t  i n  picoamperes 
A£ = bandwidth i n  H z .  

Thus, f o r  a  t y p i c a l  dark cu r ren t  of 0,P microamp, 

i = 0 . 2 5 4 ~ f  , picoamp. 
g- r 

3 .  M o d u l a t i ~ n  ( I / £ )  Noise 

I n  t h e  frequency region below 100 Hz, modulation n o i s e  
usua l ly  dominates over t h e  Johnson and g-r  components. This 
n o i s e  i s  thought t o  r e s u l t  from imperfect su r face  condi t ions  
i n  s o l i d  s t a t e  components and elements such a s  carbon-composi- 
t i o n  r e s i s t o r s .  The exact  physical  mechanism i s  n o t  w e l l  
understood, but  t h e  n o i s e  appears a s  conduct iv i ty  f l u c t u a t i o n s .  
Pink n o i s e  i s  a  gener i c  term appl ied  t o  i d e a l  l / f  n o i s e  where 
t h e  n o i s e  vol tage  i s  exac t ly  propor t ional  todITf ' .  The r m s  
modulation n o i s e  c u r r e n t  i s  described by 

if = ,,/- , amp 

where K = constant  
I = mean junct ion  cur ren t  

Af = bandwidth, Hz 
f = frequency, Hz  
a = cons tant  dependent on type of device.  

Generally,  a v a r i e s  between 0.8 and 1 , 5  



Environmental Noise 

These a r e  d is turbances  which e f f e c t  measurements, but 
can i n  p r i n c i p l e  be reduced t o  an a r b i t r a r i l y  small  value.  
The p r i n c i p a l  con t r ibu t ion  occurs a t 6 0  h e r t z  and higher 
harmonics,from power l i n e s ,  motors, and instruments .  Tempera- 
t u r e  changes, e a r t h  and bui ld ing  v i b r a t i o n s ,  and o the r ,  induced 
f l u c t u a t i o n s  a r e  a l s o  n o i s e  sources i n  t h i s  category. I n  
most cases ,  aparb from t h e  power l i n e  f requencies ,  t h e  region 
between 1 and 10 Hz appears t o  be comparatively f r e e  of en- 
vironmental  no i se .  

5 .  To ta l  Noise 

The rms n o i s e  vol tages  o r  c u r r e n t s  from e s s e n t i a l l y  
uncorre la ted  sources a r e  combined by computing t h e  square 
roo t  of t h e  sum of t h e i r  squares .  Thus, l a r g e r  q u a n t i t i e s  
a r e  emphasized and t h e  smaller  a r e  suppressed. Combining t h e  
previous n o i s e  sources produces a n o i s e  power spectrum s i m i l a r  
t o  Figure 31, The magnitude of t h e  l / f  n o i s e  and t h e  charge- 
c a r r i e r  l i f e t i m e  of t h e  g- r  no i se  determine. t h e  loca t ion  and 
ex ten t  of t h e  "hump" i n  t h e  spectrum. 

B . Noise Measurements 

1. S i l i c o n  Reversed-Bias Photodiodes 

I n  order  t o  d i scuss  t h e  measurement of n o i s e  i n  
s i l i c o n  reversed-bias  photodiodes a b r i e f  ope ra t iona l  descr ip-  
t i o n  i s  included here .  Such a device i s  shown schematical ly  
i n  Figure 32. The photocurrent ,  I*, i s  t h e  same f o r  any 
impedeme presented.  The output vgl tage  Vo i s  given by 

Since Rc<<Rp<RJ, t h e  above reduces t o  

The diode capaci tance  C determines t h e  high-frequency 
response of t h e  device, grid we can w r i t e  

However, i n  t h e  frequency range of i n t e r e s t  (below 
10,000 Hz) t h e  frequency dependence can be neglec ted .  Also i n  
t h i s  a n a l y s i s  and subsequent measurements,the load r e s i s t o r  i s  
considered t o  be a p a r t  of t h e  d e t e c t o r .  
52  







Johnson Noise 

For a reversed-bias  photodiode t h e  load  r e s i s t a n c e  i s  
much smaller  than t h e  junct ion  r e s i s t a n c e ,  and the re fo re ,  t h e  
Johnson no i se  w i l l  be determined by t h e  va lue  of %. Two 

6 values of R, were used, 1 .0  x 10 ohm and 1.2 x 107 ' ohm. The 
L 

corresponding values of Johnson n o i s e  ( f o r  = 1 Hz .) a r e  

i = 0.13 picoamp, f o r  I$, = 1.0  megohm, and t 

i = 0.035 picoamp, f o r  % = 12 megohm. t 

3 . G-R Noise and Dark Current 

I n  order  t o  ob ta in  t h e  magnitude of t h e  g-r  n o i s e  term 
i t  i s  necessary t o  measurg t h e  dark c u r r e n t .  

Two d e t e c t o r s  were chosen f o r  t h e  a n a l y s i s .  Both were 
s i l i c o n  s u r f a c e - b a r r i e r  photodiodes (a ~ % N - ~ p o t / 2  obtained 
commercially from United Detector  Technology, and a No. 1490 
from t h e  Universi ty  of Chicago). Each was biased with 7.0 v o l t s  
and used t h e  same load res i s to r -p reampl i f i e r  combination. 

The dark c u r r e n t  of t h e  two diodes was determined by 
measuring t h e  output  vol tage  Vo wi th :  

(1) an osc i l loscope  with 1 megohm input  
9 (2) an e l e c t r o n i c  vol tmeter  wi th  10 ohm inpu t .  

Both determinat ions gave t h e  following values of dark c u r r e n t ,  
Id: 1 

( I ~ ) u D T  = 0.33 picoamp 

('d)Uof~= 0.13 picoamp . 
The corresponding values of t h e  r m s  g - r  n o i s e  a r e  

i = 0.42 picoamp, UDT 
g- r 
i = 0.64 picoamp, U of C .  
g - r  

4 .  Detector-Preamplif ier  I n t e r f a c e  

Before t h e  n o i s e  power spectrum can be determined the  
e f f e c t  of a l a r g e  load r e s i s t a n c e  on t h e  preampl i f ie r  input  
impedence must be analyzed. Consequently, t h e  frequency 
response of t h e  preampl i f ie r  must be measured. The pream- 
p l i f i e r  used t o  amplify t h e  n o i s e  vol tages  p r i o r  t o  measure- 
ment was a Tektronix type 122 which was s p e c i a l l y  modified 
t o  perform low-frequency n o i s e  analyses .  55 



The inpu t  c i r c u i t r y  of t h e  Tektronix 122 includes a  t e n  
megohm r e s i s t o r  and a  50 p icofarad  capaci tance between s i g n a l  
and ground. I n  add i t ion ,  a  0.01 microfarad capac i to r  has 
been added t o  t h e  s i g n a l  pa th  t o  provide a . c .  coupl ing,  Since 
only four  inches of coaxia l  cabl ing  i s  used, t h e  cab le  capa- 
c i t a n c e  (10 p icofarads)  can be neglec ted .  The complete input  
c i r c u i t  i s  shown i n  Figure 3 3 .  

I n  order  t o  determine t h e  frequency response of t h e  
input  c i r c u i t  two c a l c u l a t i o n s  must be performed. F i r s t ,  t h e  
frequency-dependent impedence, f3$ which i s  presented  t o  t h e  
c u r r e n t  source (photodiode) must be c a l c u l a t e d .  And second, 
t h e  f r a c t i o n ,  a4 of t h e  vo l t age  developed ac ross  t h i s  impedence 
which i s  inc iden t  on t h e  preampl i f ie r  ga in  s t a g e s  must be ca l -  
cu la ted .  

The e f f e c t i v e  impedence i s  determined by t h e  p a r a l l e l  
combination of t h e  load r e s i s t a n c e ,  %, and t h e  preampl i f ie r  

input  impedence, X.  The dependence of X on frequency can be 
expressed a s  

X(f) = XI(£) + R '  ( f )  , 

where R '  i s  t h e  p a r a l l e l  combination of C2 and R2;  i . e . ,  
I 

Thus X(f) i s  

But Cl"C2, so  



% = Load Resistance 

R2 = Input Resistance 

C1 = AC Coupling Capacitance 

C2 = Input Capacitance 

FIGURE 33. INPUT CIRCUIT FOR NOISE MEASUREMENT 



The effective impedence p(f) can now be written as 

The fraction of p which is measured by the preamplifier is 

The frequency response of the preamplifier T(f) is 

and the normalized noise power spectrum is 

where K(f) = T-~(£) 
- 

2 Vm = measured mean square voltage. 

Table 7 lists the values of K for the following 
parameters : 

RL = 1.0 megohm 
CL = 0.01 microfarad 
C2 = 50 picofarad 
R2 = 10 megohm. 



TABLE 7. NOISE MEASUREMENT PARAMETERS 
1 

f ,  HZ ;h a F1 K K "  - 1 

The values K '  include an additional normalization factor for the 
noise measurement equipment response. 

Table I1 lists the value; of K for the previous para- 
meters with the exception that RL is 12 megohm. 



TABLE 8. NOISE MEASUREMENT PARAMETERS 

Noise Power Spectra  

Noise power s p e c t r a  were determined f o r  both t h e  UDT 
and t h e  Univers i ty  of Chicago d e t e c t o r s .  I n  add i t ion ,  thermal 
n o i s e  s p e c t r a  were obtained f o r  both t h e  one megohm and t h e  
twelve megohm load r e s i s t o r s  t o  check t h e  normalizat ion accuracy, 

The n o i s e  measurement i s  shown schematical ly  i n  
Figure 34.  Frequencies were chosen between 5 and 10,000 Hz, 
and t h e  mean-square vol tages  measured were divided by t h e  
bandwidth t o  o b t a i n  normalized power s p e c t r a .  





To convert  the  measured da ta  t o  u n i t s  of cu r ren t  re -  
f e r r e d  t o  t h e  d e t e c t o r ,  both t h e  ga in  of t h e  e l e c t r o n i c  i n s t r u -  
mentation and t h e  preampl i f ie r  input  impedence must be considered.  
The g a i n  of t h e  e l e c t r o n i c s  i s  j u s t  t h a t  of t h e  preampl i f ie r  
( i . e . ,  one thousand); thus ,  t h e  conversion i s  

- - 2 
v2 - - - 5 K '  ( f )  x  l o 6  
A f  Af 

and - - 
- 2 

Af Af max 

a l t e r n a t i v e l y ,  t h i s  may be w r i t t e n  a s  

F igure  35 shows t h e  measured n o i s e  power s p e c t r a  of t h e  
two photodiodes and t h e  load r e s i s t o r s .  The f l a t  power s p e c t r a  
a r e  t y p i c a l  of Johnson n o i s e  and i n d i c a t e  t h a t  t h e  normaliza- 
t i o n  was success fu l .  I d e n t i c a l  r e s u l t s  were obtained f o r  the  
d e t e c t o r s  wi th  both load r e s i s t o r s ,  a s  would be expected, It 
can be seen t h a t  l / f  no i se  i s  t h e  dominant diode n o i s e  source 
w i t h i n  t h e  frequency range of t h e  measurements a t  150 Hz, t h e  
frequency of t h e  tuning fo rk  chopper used i n  t h e  s i g n a l  t o  
n o i s e  measurements. - The n o i s e  spectrum i n d i c a t e s  n o i s e  c u r r e n t s  
of 1 .3  x  10- lZA . These c u r r e n t  l e v e l s  a r e  a  f a c t o r  of 37 above 
t h e  Johnson n o i s e  of t h e  twelve megohm load r e s i s t o r  and equal  
t o  t h e  c u r r e n t  l e v e l s  predic ted  by t h e  NEP. Thus, t h e  d e t e c t o r  
i s  l i m i t e d  by t h e  l / f  n o i s e  a t  150 Hz. 

It i s  c l e a r l y  evident  t h a t  t h e  NEP of a  s o l i d - s t a t e  
d e t e c t o r  i s  s t r o n g l y  dependent upon t h e  frequency. 'If very low 
frequency information i s  t o  be accura te ly  measured, l a r g e  
s i g n a l  f luxes  must be a v a i l a b l e  o r  a  chopper and lock- in-de tec tor  
combination must be used. 
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V I I P  0 SPECTROMETER DESIGN 

A .  Design 1:Ebert-Fast ie  Spectrometer 

I n  order  t o  f u l f i l l  mission requirements t h e  spectro-  
meter must have a  s p e c t r a l  r e s o l u t i o n  of 50 A and cover a  
s p e c t r a l  range of  a t  l e a s t  500 A t o  2000 A .  It would be 
d e s i r a b l e  t o  have t h e  opt ion of extending t h e  s p e c t r a l  range 
i n  t h e  long wavelength d i r e c t i o n  without  ex tens ive  a l t e r a t i o n  
of t h e  instrument.  

The Eber t -Fas t ie  spectrometer w i l l  f u l f i l l  t hese  
requirements and r e s u l t  i n  a  compact instrument .  Other types 
of instruments can be used and w i l l  be b r i e f l y  discussed l a t e r .  

The b a s i c  Ebert-Fast ie  design i s  shown i n  Figure 36. 
It c o n s i s t s  of an ent rance  s l i t ,  a  s i n g l e  concave s p h e r i c a l  
mi r ro r ,  a  plane d i f f r a c t i o n  g r a t i n g  and a  d e t e c t o r  a r r a y .  
Radiant power from t h e  shock f r o n t  e n t e r s  t h e  spectrometer 
c a v i t y  through a  hole  i n  t h e  hea t  s h i e l d .  The opening i s  
3/16 i n .  diameter and t h e  hea t  s h i e l d  i s  314 i n .  t h i c k .  The 
entrance s l i t  i s  loca ted  114 i n .  behind t h e  hea t  s h i e l d ,  The 
geometry of t h i s  en t rance  p o r t  l i m i t s  t h e  s o l i d  c o l l e c t i o n  angle  
of t h e  spectrometer .  Hence, t h e  f l u x  c o l l e c t e d  by t h e  spectro-  
meter i s  determined by t h e  product of t h e  s o l i d  co%lect fon  
angle  and the  a r e a  of t h e  s l i t .  For t h e  Ebert  spectrometer 
t h e  magnif icat ion of t h e  system i s  u n i t y ;  hence, t h e  s i z e  of  
t h e  ent rance  s l i t  i s  determined by t h e  s i z e  of t h e  d e t e c t o r  
element, and t h e  f o c a l  length  by t h e  r e s o l u t i o n  requirements,  
Using t h e s e  condi t ions  r e s u l t s  i n  a  spectrometer wi th  t h e  
following s p e c i f i c a t i o n s  : 

Detector  s i z e :  

Detec tor  a r r a y :  

S p e c t r a l  range: 

S l i t  s i z e  :: 
Resolut ion:  

Focal length  of Mirror :  

Grat ing r u l i n g :  

Grat ing s i z e :  

Grat ing b laze  

0,45 wide x  2 mm high 

30 elements 

500 A - 2000 W 
0.45 x  2 sllm 



L 

Entrance S l i t  

- -  - -- 
Heat -* 
Shield 

Grating --' 

- -- -- 

Specif icat ions y15cm(6in* )_I 
Detector Size: 0.45 x 2 mm 
S l i t  Size: 0.45 x 2 mm 
Resolution : 50 A 
Mirror F .La : 150 mm 
Grating Ruling: 600 groves/mm 
Grating Size: 20 x 20 mm 

FIGURE 36. DESIGN I EBERT SPECTROMETER FOR VACUUM W. 



To accept  t h e  e n t i r e  cone of r a d i a t i o n  e n t e r i n g  t h e  s l i t  
r e q u i r e s  t h a t  t h e  mir ror  be only 25 mm i n  he igh t .  The e n t i r e  
c a v i t y  requi red  by t h e  spectrometer i s  a  r ec tangu la r  box 195 m 
long x 100 mm wide x 25 mm high.  

B .  Radiant Power 

The r a d i a n t  power per s p e c t r a l  r e s o l u t i o n  element may 
be expressed a s  follows: 

where WAX = power inc iden t  on each d e t e c t o r  element (or  s p e c t r a l  
r e s o l u t i o n  element) 

N ~ l  
= radiance of source per  s p e c t r a l  r e s o l u t i o n  element 

A = .area of  s l i t  

R = s o l i d  angle  of c o l l e c t i o n  

T = t r a n s m i s s i v i t y  of t h e  spectrometer 

G = g r a t i n g  e f f i c i e n c y .  

The Ebert  spectrometer has a  l i n e a r  wavelength d t s -  
pe r s ion ;  t h a t  i s ,  t h e  r e s o l u t i o n  i s  f ixed  by t h e  entrance s l i t  
width and i s  a  constant  50 A over t h e  e n t i r e  s p e c t r a l  range 
of t h e  instrument .  To employ the  previous equat ion f a r  t h e  
spectrometer design i t  w i l l  be necessary t o  convert  t h e  r ad i -  
ance va lues  gram Chapte 11. These values a r e  given i n  u n i t s  
of w a t t s  cm- s t e r m l  ev-' a s  a  funct ion  of ev The conversion 
o f  t h e s e  values t o  a  p l o t  of wa t t s  c ~ t - ~ s ~ ~ ~ - ~ ( ~ ~ ~ ) - 1  versus  
angstroms i s  shown i n  Figures  37 and 38 f o r  t h e  a d i a b a t i c  
and nonadiabat ic  cases ,  r e spec t ive ly .  

The power inc iden t  on a  d e t e c t o r  element f o r  t h r e e  
d i f f e r e n t  wavelengths from t h e  continuum l e v e l  i n  both t h e  
a d i a b a t i c  and nonadiabat ic  cases  i s  shown i n  Table 9 .  







TABLE 9 .  SPECTRAL RADIATION AT DETECTOR PLANE 

FOR EBERT SPECTROMETER DESIGN I. 

NONADIABATIC CASE 

Wavelength 

ADIABATIC CASE 

Wavelength 

Power Inc iden t  On Detec tor  

2 .6  x 1 0 - ' ~ w a t t  

2 . 2  10-7 

6.7 x lo-' 

Power Inc iden t  On Detector  

5  .I x wat t  

2.0 x 1 0 - ~  
2.0 x lo-8  

R e f l e c t i v i t y  of each su r face  i n  t h e  spectrometer i s  5% and 
g r a t i n g  e f f i c i e n c y  i s  60%. Detector s i z e  i s  0.45 x 2 mm. 

The r e f l e c t i v i t y  of each su r face  was assumed t o  be 5%, g iv ing  
a T = 1.25 x l o m 4 $  and t h e  e f f i c i e n c y  of t h e  g r a t i n g  
was assumed t o  be s = 0.60. The n o i s e  equiva lent  power (NEP) 
of t h e  d e t e c t o r s  s tud ied  was presented i n  Table 3 ,  This t a b l e  
i s  based on t h e  use of a  l i g h t  chopper a t  t h e  ent rance  s l i t  
and narrow band de tec to r  e l e c t r o n i c s  g iv ing  a  band width 
Af = 10 Hz. A comparison of Table 3 and Table 9 enables  t h e  
c a l c u l a t i o n  of s i g n a l  t a  n o i s e  r a t i o s  f o r  t h e  var ious  d e t e c t o r s  
a t  t h e  t h r e e  d i f f e r e n t  wavelengths, This SIN c a l c u l a t i o n  i s  
summarized i n  Table 10;  i t  i s  evident  t h a t  a l l  d e t e c t o r s  a r e  
of s u f f i c i e n t  s e n s i t i v i t y .  Associated e l e c t r o n i c s  and recording 
systems must a l s o  be designed t o  handle a  l a r g e  dynamic range. 

C .  Other Spectrometer Designs 

While t h e  Ebert  design appears f e a s i b l e  on t h e  b a s i s  
of f l u x  cons idera t ions  it i s  n o t  t h e  most e f f i c i e n t  system 
p o s s i b l e  s i n c e  t h r e e  r e f l e c t i o n s  a r e  requi red .  Also, it must 
be remembered t h a t  t h e  previous design cons idera t ions  a r e  
based on t h e  use  of a  chopper t o  modulate t h e  r a d i a t i o n  and a  
synchronous de tec t ion  system. Should o t h e r  modes of de tec t ion  
be d e s i r e d  t h e  s i g n a l  l e v e l s  may have t o  be considerably 
increased .  



TABLE 10.  EXPECTED SIGNAL TO NOISE RATIOS FOR THE 

DETECTORS FOR THE DESIGN I EBERT 

SPECTROMETER. BAWIDTH IS 1 0  Hz. 

ADIABATIC 

WAVELENGTH UDT- 1 UDT- 2  FPM- 100 FPM- 200 HPA-4204 SnO 

500 A 3.2  x  lo3  2.6 x  1 0  5 . ~ ~ 1 0 ~  2.6 x  lo3  3.4 x  l o 3  4 . 6  x  10  2  

1000 A 1 .2  lo5 1.0 lo6  2.2 lo5 1.0 x lo5  1 . 3 . x  10 1 . 8  x 10 4  

2000 A 1 . 2  l o3  1.0 10 ~ 2 ~ 1 0 ~  1.0 x lo3  1 . 3  x l o 3  1 . 8  x 10 2 

NONADIABATIC 



Systems using a concave g r a t i n g  which r e q u i r e  only 
one r e f l e c t i n g  su r face  ( t h e  g r a t i n g  only) should be considered,  
A very simple system f o r  use  i n  t h e  vacuum u l t r a v i o l e t  i s  t h e  
normal incidence spectrometer ,  I n  t h i s  design t h e  s l i t  i s  
pos i t ioned so  t h a t  t h e  g r a t i n g  incidence angle  i s  zero ( i , e . ,  
normal inc idence) ,  The d i f f r a c t e d  spectrum w i l l  l i e  on a 
c i r c l e  whose diameter i s  t h e  l i n e  jo in ing  t h e  s l i t  and g r a t i n g .  
I f  such an instrument were t o  be cons t ruc ted  wi th  t h e  d isper -  
s i o n  and reso lu t ionas  thatof t h e  Ebert  previous ly  descr ibed,  
i t  would have a s l i t - t o - g r a t i n g  d i s t a n c e  of 3-50 lmfn and would 
occupy the  same space a s  t h e  Eber t .  I f  a 20 x 20 mm g r a t i n g  
i s  used t h e  n e t  ga in  over t h e  Ebert  design would be 400 t imes 
s i n c e  t h e  l o s s e s  due t o  two r e f l e c t i o n s  would be removed. The 
d ispers ion  of t h e  instrument wsuld again be l i n e a r  and an 
i d e n t i c a l  d e t e c t o r  a r r a y  could be used, i f  a 600 g r o v e / m  
g r a t i n g  i s  employed, I f  such a ga in  i n  f l u x  i s  n o t  r equ i red  
then t h e  s i z e  of t h e  g r a t i n g  can be reduced f o r  t h e  normal 
incidence instrument and a smaller  volume could be achieved 
f o r  t h e  instrument .  

Another p o s s i b l e  design i s  t h e  graz ing  incidence 
concave g r a t i n g  spectrometer.  I n  t h i s  instrument very high 
incidence angles  (70" t o  80") a r e  used, wi th  corresponding 
high angles  of d i f f r a c t i o n ,  The s l i t ,  g r a t i n g ,  and spectrum 
a l l  l i e  on a c i r c l e ,  tangent  t o  t h e  g r a t i n g ,  wi th  a diameter 
equal t o  t h e  r ad ius  of curvature  of t h e  g r a t i n g .  Since t h e  
r e f l e c t i v i t y  a t  grazing incidence i s  very high t h e  instrument 
i s  very e f f i c i e n t .  A s e r ious  disadvantage,  however, i s  t h e  
l a r g e  non- l i n e a r  d i spe r s ion ,  Non- l i n e a r  d i spe r s ion  i s  ve ry  
undes i rable  i n  t h a t  each de tec to r  i n  t h e  a r r a y  of 30 would 
have t o  be of a d i f f e r e n t  width,  Astigmatism of t h e  system 
i s  a l s o  very severe  and t h e  g r a t i n g  s i z e  i s  c r i t i c a l .  For 
t h e  present  a p p l i c a t i o n ,  t h e  grazing incidence instrument 
seems t o  o f f e r  no advantage over those systems descr ibed above. 

IX. CONCLUSION 

The s o l i d  s t a t e  s i l i c o n  photodetector  can be used t o  
obta in  vacuum UV s p e c t r a  over t h e  500 t o  2000 A region.  The 
s e n s i t i v i t y ,  however, i s  n o t  cons tant  over t h i s  region and a 
minimum should be expected between lo00 and 2000 A .  The exac t  
p o s i t i o n  and magnitude of t h e  s e n s i t i v i t y  reduct ion  depends 
on t h e  s t r u c t u r e  of d e t e c t o r .  Among s o l i d  s t a t e  d e t e c t o r s  t h e  
su r face  b a r r i e r  type devices should experience t h e  beast  
amount of s e n s i t i v i t y  l o s s  due t o  t h e i r  t h i n  absorpt ion l a y e r ,  
Knowledge of t h e  d e t e c t o r  response over t h e  s p e c t r a l  range of  
i n t e r e s t  w i l l  permit accura te  r a d i a t i o n  measuseme~ts. 



The su r face  b a r r i e r  photodiodes were t h e  most s e n s i t i v e  
devices t e s t e d ,  with t h e  d i f f u s e d  junct ion d e t e c t o r s  lower by 
a  f a c t o r  of about 10. The n o i s e  equivalent  ower (NEP) f o r  
a l l  t h e  devices t e s t e d  was approximately l0-?1 wa t t  a t  1215 78. 

The s i l i c o n  a reas  immediately adjacent  t o  t h e  e l e c t r o d e  
on t h e  su r face  b a r r i e r  d e t e c t o r s ,  where t h e  r a d i a t i o n  d i d  n o t  
have t o  pene t ra te  t h e  t h i n  gold f i l m  e lec t rode ,  appeared t o  
be t h e  most s e n s i t i v e  region  and t h i s  f a c t  must be considered 
when designing a r r a y  d e t e c t o r s  f o r  t h e  vacuum W ,  

The most se r ious  d e t e c t o r  problem f o r  a c t u a l  employment 
i n  a  spectrometer i s  t h e  f a t i g u e  found i n  a l l  t h e  d e t e c t o r s  
but t h e  F a i r c h i l d  FPM 100 pho to t rans i s to r .  During experimental  
measurements t h e  f a t i g u e  problem was most pronounced i n  t h e  
s u r f a c e  b a r r i e r  devices ,  which had a  f a t i g u e  per iod  on t h e  
order  of minutes.  The recovery per iod  was considerably longer ,  
probably on t h e  order  of a  day, The F a i r c h i l d  photodiode had 
a  decay per iod  of about 20 seconds whi le  t h e  s t a n n i c  oxide 
c r y s t a l  d i d  n o t  e x i b i t  a  s t a b l e  type of response and appears 
t o  be unexceptable a s  a spectrometer d e t e c t o r ,  

The f a t i g u e  e f f e c t s  might poss ib ly  be reduced by opera- 
t i o n  a t  higher  b ias  vo l t ages ,  o r  t h e  d e t e c t o r s  could poss ib ly  
be p re fa t igued  by sub jec t ing  them t o  some l i g h t  r a d i a t t o n  
f o r  a  given period before measurements a r e  t o  be obtained.  The 
p re fa t igu ing  system might be a  simple lamp i n  t h e  spectrometer 
chamber t h a t  i s  a c t i v a t e d  f o r  a  pre-se t  per iod  before  spectro-  
meter opera t ion .  

The p h o t o t r a n s i s t o r  which d i d  n o t  f a t i g u e  appears t o  
be t h e  only immediately usab le  d e t e c t o r ;  however, i t s  sens i -  
t i v i t y  i n  t h e  1400 t o  2000 A region was below t h e  d e t e c t i o n  
system threshold  because of t h e  low photon f luxes  a v a i l a b l e .  
Consequently, no readings couldbe made over t h i s  region t o  
determine t h e  exact  s e n s i t i v i t y  va lues .  Considering t h e  
response curves f o r  t h e  su r face  b a r r i e r  d e t e c t o r s  and t h e  
expected low transmission i n  s i l i c o n ,  a  minimum i n  t h e  photo- 
t r a n s i s t o r  s e n s i t i v i t y  curve i s  d e f i n i t e l y  expected i n  t h i s  
reg ion .  

A high degree of c r o s s t a l k  was exh ib i t ed  by t h e  United 
Detector  Technology d e t e c t o r s  which had more than one element 
on a  s i n g l e  s i l i c o n  wafer.  Such c r o s s t a l k  appears t o  be 
p r imar i ly  a s soc ia ted  wi th  vacuum UV r a d i a t i o n  which has a  
reduced pene t ra t ion  depth i n  s i l i c o n  compared t o  v i s i b l e  l i g h t ,  
One method of c r o s s t a l k  reduct ion  i s  t o  process t h e  s i l i c o n  
so t h a t  t h e  c a r r i e r  l i f e t i m e s  a r e  reduced and t o  overcoat  t h e  
regions between t h e  elements s o t h a t  d e f i n i t e  opaque separa t ions  
a r e  p resen t .  An a l t e r n a t e  s o l u t i o n  i s  t o  u s e  a  s e r t e s  o f  
d i s c r e t e  elements o r  devices suck a s  t h e  F a i r c h i l d  d e t e c t o r s .  
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Solid s t a t e  scanning of integrated arrays of s i l i con  
photodetectors has been investigated by a  number of laboratories 
fo r  use on cameras, character readers, and other image pro- 

cessing systems. ''-" It appears tha t  i f  suf f ic ien t  signal  
can be obtained the same techniques could be employed t o  
scan the spectrometer detector array,  The current problem 
i s  tha t  synehronous detection i s  not  campatable with the 
typica l  so l id  s t a t e  array scanning system, Consequently, the 
signal  must be above the low-frequency detector noise which 
requires tha t  high signal  levels  compared t o  those obtained i n  
the laboratory spectrometer used i n  t h i s  study must be pre- 
sent .  This i s  one reason tha t  the normal incidence type 
spectrometer design might be preferred aver the Ebert type, 
since the photon fluxes a re  increased by the elimination of 
two ref  lecting surfaces. 

Operation of the detectors i n  the photon f lux inte-  
gration mode should also rea l ize  higher s ignal  outputs since 
the device i s  actively accumulating signal  over the e n t i r e  
period between scans, 20 The pr inciple  of operation i s  tha t  
a  p-n j u n c t i ~ n  i s  reverse biased and then open chrcuited. 
The charge stored i n  the depletion layer capacitance then 
decays a t  a  r a t e  proportional to the incident radiation leve l ,  
The charge required t o  periodically re-establ ish the  h n i t i a l  
voltage condition i s  monitored and provides a  signal  prspor- 
t iona l  to  the incident radiation,  When t h i s  mode of opera- 
t ion  i s  used with phototransistesl-s, gains of 1000 are  psss ible ,  

Other operating factors such as long- term s t a b i l i t y  and 
environmental contamination appeared to be adequate. 
The frequency response of a l l  the  devices i s  i n  the micro- 
second o r  higher region an t h e i r  dynamic range i s  reported 
to  extend over 90 decades, " Temperature e f fec ts  a re  those 
normally experienced with s i l icon  devices, and for  the 
expected operating temperature the dark current and corres- 
ponding noise levels  can be calculated,  When operating with 
a  grating system only the infrared and v i s i b l e  radiatfon 
scattered from the grating w i l l  be incident on the detector 
array s o  the heating w i l l  not  be as great  as a  detector 
d i rec t ly  viewing the shock Sayer. 

RECOMMENbATIONS PQR FUTURE WORK 

1, Establish the sens i t iv i ty  of the phototransistor 
and other diffused junction devices in the 1400 t o  2000 A 
region, 

2, Determine the f e a s i b i l i t y  of operating detectors 
i n  the f lux integration mode for sol id  s t a t e  scanning and 
chopperless operation. 

3 ,  Investigate the reduction i n  detector fat igue by 
varying the bias voltage and o p e r a t i ~ n  with prefatiguing of 
detectors.  73 



4. Explore  methods of reducing t h e  c r o s s t a l k  on 
s ing le -ch ip  a r r a y  d e t e c t o r s  through s h o r t e r  c a r r i e r  l i f e t i m e  
dev ices .  

5.  Obtain and t e s t  l a r g e  samples of t h e  most 
d e s i r a b l e  d e t e c t o r  t o  a s s u r e  c o n s i s t e n t  performance. 

6 .  Measure t h e  n o i s e  and ana lyze  t h e  ope ra t ion  of 
d e t e c t o r s  i n  t h e  d.c.  mode of o p e r a t i o n  (no chopper i n  t h e  
system) . 
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